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ACID GASTRIC SECRETION IN THE RAT AND ITS 
INHIBITION BY PHLOXIN 


BY 


J. VAN NOORDWIJK and P. N. AARSEN 


From the Pharmacotherapeutic Laboratory, University of Amsterdam 


(RECEIVED JULY 13, 1953) 


Two years ago, when the experiments reported 
in this paper were started, it was assumed by many 
workers that the histamine present in blood was 
localized in the eosinophils. This assumption 
prompted us to test whether histamine could serve 
as the “eosinophilic substrate” of eosinophilic 
leucocytes. As a first step we investigated the reac- 
tion between eosin and histamine in vitro. When 
histamine (as free base, dihydrochloride or diphos- 
phate) is added to an aqueous solution of eosin, a 
dense precipitate forms with a carmine-red colour 
distinctly different from the colour of eosin. This 
reaction is not due to a change in pH: if one 
titrates an aqueous solution of eosin (sodium salt) 
with hydrochloric acid, an orange-red precipitate 
appears at pH 5.3, whereas with histamine diphos- 
phate a carmine precipitate forms at pH 6.8. Sub- 
stituting for eosin (Na salt of tetrabromofluor- 
escein) the related compound “ phloxine ” (Na salt 
of tetrabromo-tetrachlorofluorescein, C.I. No. 778), 
a dye now sometimes used in the haematoxylin- 
“eosin” staining method, an even more rapid 
reaction with histamine is obtained. 

Although recent experiments indicate that plate- 
lets rather than eosinophils may be the source of 
the histamine present in human blood (Code, 1952), 
the pronounced “ histaminophilia ” demonstrated 
by eosin and phloxin in vitro induced us to study 
the reactions between histamine and these two dyes 
in biological systems. 

When an aqueous solution of eosin (10-*m) was 
added to the same volume of an equimolar 
aqueous solution of histamine dihydrochloride a 
very slight cloudiness developed in about 48 hr.; 
on assaying this mixture on the isolated guinea-pig 
ileum a loss of biologically active histamine was 
found. When in a similar experiment an aqueous 

solution of eosin (1.1 x 10°?mM) was added to an 
equal volume of an equimolar aqueous solution of 
acetylcholine chloride no cloudiness or precipita- 
tion was observed after 48 hr., and the effect of 
the acetylcholine on the isolated guinea-pig ileum 


R 


was unimpaired (van Noordwijk and Eichholz, 
1952). 

In view of the rapidity with which phloxin com- 
bines with histamine it was decided to investigate 
whether it would influence the stimulating effect 
of histamine on acid gastric secretion, an effect 
not inhibited by the commonly used antihistaminic 
drugs such as diphenhydramine and mepyramine 
(Loew, 1947). 


METHODS 


Rats of about 200 g. were fasted for 24 hr. Under 
pentobarbitone sodium anaesthesia (40-45 mg./kg.) a 
transverse incision of 1.5-2 cm. was made in the right 
upper quadrant of the abdomen, just below the costal 
arch. The oesophagus and duodenum were ligated— 
the latter about 1.5 cm. distal to the pylorus. A glass 
cannula was introduced into the stomach through an 
incision in the duodenum. Before closing the abdominal 
incision the stomach was rinsed with physiological 
saline, warmed to body temperature, so as to remove any 
solid contents. A few ml. of saline was left in the 
stomach, and a short rubber tube was mounted on the 
glass cannula and clamped off. Half an hour later the 
stomach was rinsed three or four times with saline 
(20 ml. in all), and the washings were collected in an 
Erlenmeyer flask. This was the control lavage. In 
the following experiments all injections, with the excep- 
tion of the first injection of phloxin, were given after 
the control lavage. A second and third lavage were 
done half an hour and one hour later respectively. 

The total base-equivalent of the fluid obtained with 
each lavage was determined by titration with 0.01N- 
NaOH, with phenol red as indicator. Before titration 
the washings were heated to boiling point to expel any 
dissolved CO,. When, in experiments with phloxin, the 
washings were tinted red a potentiometric titration was 
carried out. The base-equivalent of the fluid first 
withdrawn was used as a control value for each animal. 

Histamine, as the dihydrochloride, was given sub- 
cutaneously, the dose indicated being the total dose, 
which was administered in six doses given at 10 min. 
intervals, with the first dose immediately after the control 
lavage. The phloxin used was the dye commercially 
supplied by the firm of Brocades, Stheeman, and 
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Pharmacia (Amsterdam). When phloxin was given 
_ intravenously, the first dose was given 10 min. before 
the control lavage, and six maintenance doses, each 
equal to half the first dose, were given at 10 min. inter- 
vals thereafter. Pilocarpine hydrochloride was given as 
a solution (20 mg./ml.) in distilled water. All doses 
are expressed in mg./kg. of body weight. 


RESULTS 


The Spontaneous Secretion of HCl.—This was 
defined as the secretion taking place in animals 
prepared according to the above technique with- 
out any other stimuli being applied. Four series 
of representative results are shown in Table I. The 


TABLE I 
THE SPONTANEOUS SECRETION OF HCI IN THE RAT 
STOMACH 











Base Equivalent Base Equivalent as % of Control Value 
Rat of Control (ist Half Hr.) 
No. in ml1.-0-01 
N-NaOH 2nd Half Hr. 3rd Half Hr. 

1 3-12 51 53 

2 2-91 67 23 

3 9-50 71 47 

4 3-48 35 32 











wide variation in the control values obtained in 
these and subsequent experiments may have been 
due in part to variations in the depth of anaesthesia 
and in the temperature of the rat, as these have 
been shown to influence gastric secretion (Code, 
1951). 

The spontaneous secretion during the second 
and third half-hour of the experiment is markedly 
lower than the control value. 


The Influence of Histamine.—Starting immedi- 
ately after the control lavage, 25 mg. of histamine 
dihydrochloride (0.136 m.mole histamine base) per 
kg. body weight was injected subcutaneously in 
six single doses. Table II shows that the secretion 


TABLE II 
THE INFLUENCE OF HISTAMINE ON THE SECRETION 


25 mg. of histamine cae, was injected subcutaneously in six 
oses. 








The Effect of Phloxin on Gastric Secretion.— 
Phloxin (2% in distilled water) was given intra- 
venously in a loading dose of 55 mg. (0.067 
m.mole)/kg. 10 min. before the control lavage, 
and in maintenance doses of half this amount at 
10 min. intervals (in all 220 mg. or 0.269 m.mole/ 
kg.) for 70 min. As shown in Table III, the effect 
was a marked inhibition of the secretion of HCI. 


TABLE III 
THE EFFECT OF PHLOXIN ON THE SECRETION OF HCI 


220 mg. of phloxin/kg. (2% in distilled water) administered in seven 
intravenous injections. 





Rat Base Equivalent Base Equivalent as % of Ist Half Hr. 








No of Control 
* | in ml. 0-01IN-NaOH 2nd Half Hr. 3rd Half Hr. 
28 1-18 3-0 0 
29 4-28 1-9 0 
30 2-36 1-2 0 





Rat Base Equivalent Base Equivalent as % of Ist Half Hr. 
f Control 
a 
in ml. 0-01IN-NaOH 2nd Half Hr. 3rd Half Hr. 
5 4:89 84 128 
6 4:20 91 111 
7 3-28 120 163 
8 2-62 87 133 

















during the second half-hour was higher than the 
spontaneous secretion over this period, and that 
the secretion during the third half-hour was still 
higher. . 














The Influence of Phloxin on the Stimulating 
Effect of Histamine-——Ten minutes before the 
control lavage 120 mg. of phloxin (0.145 m.mole)/ 
kg. body weight was injected into a jugular vein ; 
immediately after the control lavage and the first 
injection of histamine a maintenance dose of 
phloxin, equal to half the initial dose, was given 
and was repeated at 10 min. intervals (a 6% solu- 
tion of phloxin in distilled water was used in this 
experiment). In the course of the experiment 
(70 min.) the animal thus received 120+ (6 x 60)= 
480 mg. phloxin/kg. These maintenance doses 


TABLE IV 


THE INFLUENCE OF PHLOXIN ON THE STIMULATING 
ACTION OF HISTAMINE ON GASTRIC SECRETION 
480 mg. of phloxin/kg. (6% in distilled water) was administered in 
7 intravenous injections; 25 mg. of histamine diHCl was given in 
6 subcutaneous injections starting after the second dose of phloxin. 











R Base Equivalent Base Equivalent as % of Ist Half Hr. 
at of Control 
No. |; 
* | in ml. 0-0IN-NaOH 2nd Half Hr. 3rd Half Hr. 

9 5-04 49 33 

10 4-71 23 35 

11 9-66 22 6 

12 14-52 30 27 

13 8-53 25 16 

14 8-35 20 24 














were given because phloxin appeared in the urine 
a few minutes after the first injection. Table IV 
shows that the stimulating effect of histamine was 
now abolished. a 

When 200 mg. phloxin/kg. was administered in 
one single intraperitoneal injection 4 hr. before 


the operation there was hardly any spontaneous . 


secretion dyring the control period. - Nevertheless, 
25 mg. of histamine dihydrochloride injected sub- 
cutaneously after the control lavage still elicited 
a marked secretion in the subsequent half-hour 
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periods (Table V). This shows that the inhibition 
of gastric secretion caused by the preliminary in- 
jection of phloxin cannot have been due to an 
irreversible injury of the oxyntic cells. 








TABLE VI 


THE EFFECT OF PILOCARPINE, AND OF PILOCARPINE 
WITH PHLOXIN, ON THE SECRETION OF HCI 


20 mg. of pilocarpine HCl was injected subcutaneously ; phloxin 
(2% in distilled water) was given at the same time in seven intravenous 












































injections. 
TABLE V 
THE EFFECT OF HISTAMINE ON GASTRIC SECRETION E uiv. lent Base E uivalent as o of 
IN RATS PREVIOUSLY INJECTED WITH PHLOXIN Rat —_— — emneians 28 Xe 
200 mg. of phloxin (2% in distilled water) was injected intraperiton- No. Injected in ml. 
eally 4 hr. before the expt.; 25 mg. of histamine diHCl was 0-01IN-NaOH | 2nd Half Hr. | 3rd Half Hr. 
injected subcutaneously in six divided doses after the control lavage. 15 Piiccmpine 72 316 379 
16 2-48 196 167 
Base Equivalent in ml. 0-01IN-NaOH 17 2-40 225 341 
Rat Dose of 18 9-80 82 88 
No. Phloxin ist Half Hr. 2nd 3rd 19 7-61 78 99 
(Control) Half Hr. Half Hr. 20 3-98 163 136 
5 0 4-89 4-11 6-25 21 |! Pilocarpine 7-63 54 8 
6 (See 4-20 3-81 4-67 22 and phloxin 3-47 64 23 
7 Table ID 3-28 3-93 5-34 23 220 mg./kg. 12-57 22 5 
8 2:62 2:27 3-50 24 8-81 33 8 
25 2-02 138 43 
34 | 200 mg./kg. 0-69 1-64 2-04 26 3-92 47 21 
35 0-00 1-84 2:16 . 
36 0-09 0-29 1-12 27 Pilocarpine _ 3-96 82 34 
62 0-00 0-30 1-15 and phloxin 
63 2-37 3-68 4-52 120 mg./kg. 
64 0-00 0-04 0-19 
65 0-23 2:37 2-70 
66 0-27 1-43 1-80 
67 0-10 0-25 0-67 . : ; ' 
= oo & 2 by its effect on the circulation. Hence a series 
of experiments was performed to study the influ- 











The Effect of Phloxin on Gastric Secretion In- 
duced with Pilocarpine-——As phloxin appeared to 
influence the spontaneous secretion of HCl as well 
as the secretion due to histamine, it was decided to 
investigate its effect on the secretion induced with 
the parasympathomimetic drug pilocarpine. Table 
VI shows that 20 mg. (0.082 m.mole) of pilocarpine 
HCl/kg., injected subcutaneously immediately 
after the control lavage, stimulates the secretion 
of HCl and that this effect is greatly reduced by 
phloxin injected in the usual way. 


The Toxicity of 
Phloxin.—The influ- 
ence of phloxin on 
gastric secretion may 
consist of either a 
specific inhibition of 
the effect of hista- 
mine, or a non- 
specific toxic action. 
Thompson and Vane 
(1953) have shown 
that a decrease of the 
blood flow through 
the gastric vessels 
of the cat is fol- 
lowed by a decrease 
in gastric secretion. 
Thus a_ substance 
might lower the rate 


of gastric secretion (6% phloxin in distilled water). 


ence of phloxin on blood pressure. 


The arterial blood pressure of rats was 
recorded on a smoked drum by a double 
membrane tambour connected to an external caro- 
tid artery. Phloxin (6% in distilled water) was 
injected through a second cannula into an external 
jugular vein. In each of five rats 55 to 60 mg. 
phloxin/kg. caused a temporary fall of blood 
pressure during the injection, followed by a re- 
covery, to near the initial level, within 2 min. 
This is illustrated in Fig. 1. 





Fic. 1.—Carotid arterial pressure of a rat which received phloxin intravenously. At 1, 60 mg. of phloxin/kg. 


At 2, 3, 4, 5, and 6, 30 mg./kg. of phloxin was injected. Time, 5 sec. 








256 


On the basis of these blood-pressure experiments 
it was considered unlikely that the results shown 
in Table III were due to a general hypotension. 


The Effect of Phloxin on Gastric Secretion in 
the “ Shay” Rat.—Although it was considered un- 
likely that the effect of phloxin on gastric secretion 
was due to an effect on the blood flow through the 
gastric vessels, another way of administering 
phloxin was sought which would be less likely than 
intravenous injection to influence the general circu- 
lation. Local application of phloxin to the gastric 
mucosa was ruled out, because Robertson and 
Grossman (1952) reported that the gastric secretion 
of the dog may be inhibited by the local applica- 
tion to the gastric mucosa of several substances 
which do not display this effect on parenteral 
application. Injection of phloxin through the 
duodenal wall was adopted, and, to prevent re- 
gurgitation of duodenal contents into the stomach, 
the pylorus was ligated before phloxin was in- 
jected into the duodenum through a No. 18 hypo- 
dermic needle. To prevent leakage of the injected 
fluid into the peritoneal cavity a second ligature 
was tied immediately caudal to the site of injection, 
care being taken not to obstruct the bile duct. 

Shay, Komarov, Fels, Meranze, Gruenstein, and 
Siplet (1945) showed that pyloric ligation in the rat 
may be followed by a marked secretion of gastric 
juice. Hence this technique may be used to study 
inhibitory effects on gastric secretion. 

In our experiments the rats were fasted for 
72 hr. during which time they had free access to 
water with 0.4% NaCl, as used by Donald and 
Code (1952). The ligation of the pylorus and the 
injection of phloxin (300 mg./kg. ; 6% phloxin in 
saline) were carried out under light ether anaes- 
thesia. A littermate of each animal was used as a 
control and received an intraduodenal injection of 
saline. About 6 hr. after the operation the animals 
were killed with chloroform, the stomachs were re- 
moved and the contents transferred to a graduated 
glass cylinder. The stomach was rinsed with 
saline, and the gastric juice combined with the 
rinsing was filtered and titrated with 0.1N-NaOH. 
In these experiments pentobarbitone sodium could 
not be used as an anaesthetic, as pilot experiments 
had shown that rats fasted for 72 hr. were very 
susceptible to this anaesthetic, remained in narcosis 
for hours after the operation, and then yielded 
only small amounts of gastric juice. 

The results of these experiments are shown in 
Table VII. In five out of six instances the rat 
which received phloxin produced less acid than 
did the control. Application of Wilcoxon’s test 
shows that the hourly production of HCl is indeed 
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TABLE VII 
THE EFFECT OF PHLOXIN IN THE SHAY RAT 


The pylorus was tied, and phloxin 300 mg./kg. or 0-9% NaCl was 
injected at the specified time before the rats were killed and the 
gastric contents collected. 



























































Time Total Acid 
between | Volume pH Produc- | Production 
Rat | Injected | Operation | Gastric of tion of per 
No. With and Juice | Gastric | Acid in} Hour in 
Death in | in ml. Juice | m.equiv.| m.equiv. 
min. x 100 x 100 
101 | Phioxin 405 2°5 255 12-5 1-85 
102 | Saline 409 4-5 2-08 27°5 4-03 
103 | Phloxin 394 0-1 3-99 2:2 0-34 
104 | Saline 384 9-0 1-53 69-5 10-78 
105 | Phloxin 373 3-0 2:35 13-5 2:17 
106 | Saline 366 9-5 1-41 72:8 11-92 
107 | Phloxin 403 13-0 3-57 6°58 0-98 
108 | Saline 380 6-0 2-02 37-7 5-95 
109 | Phloxin 380 1-3 3-60 5-45 0-86 
110 | Saline 370 3-5 2:20 18-61 3-01 
111 | Phloxin 360 3-0 2-25 17-21 2-87 
112 | Saline 367 3-0 2:35 11-44 1-87 
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Fic. 2.—The extinction curve of the gastric juice of rats after ligation 
of the pylorus and intraduodenal injection of phloxin or saline 
compared with the extinction curve of the histamine-phloxin 
compound formed in vitro (Q—-:+—©Q). All samples of gastric 
juice were diluted with saline. Rats 7224 (O——O) and 8156 
@°*****Q) received 200 mg. of phloxin/kg. (dilution factor of 
gastric juice 1: 214 and 1: 5 respectively). Rats 7222 (X--~ X) 
and 8151 (@——@) received 1 ml. of saline (dilution factor 
1: 1.6 and 1: 30 respectively). 
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significantly lower in the animals treated with 
phloxin than in the control animals (P,=0.0086). 

No sign of intoxication which could be ascribed 
to the phloxin was seen. When pairs of rats were 
subjected to the same procedure, and the blood 
pressure was measured four to five hours after the 
pylorus had been tied, a pressure of 105 to 120 mm. 
Hg was found both in the control rats and in those 
injected with phloxin. When the same dose of 
phloxin was given by stomach tube to normal rats 
of the same sex and age, no toxic signs were ob- 
served ; the rectal temperature was 37-38° C. 
Absorption of the phloxin was proved by its ap- 
pearance in the urine, and by the rosy colour of 
the ears, nose, and feet. 

In some animals the gastric juice also was tinted 
red. We suspected this to be due to excretion 
of phloxin into the stomach ; on analysis with a 
Coleman junior spectrophotometer it was found 
that this red gastric juice had an extinction peak 
at a wavelength of 540 my (Fig. 2), whereas 
phloxin in aqueous solution has a maximal extinc- 
tion at 525 mp (Fig. 3). When blood was with- 
drawn from a carotid artery of a rat four hours 
after the intraduodenal injection of 300 mg. 
phloxin/kg., diluted 100 times with saline and 
centrifuged, the extinction curve showed a slight 
elevation at a wavelength of 525 my, indicating 
that the phloxin was taken up from the duodenum 
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Fic. 3.—The extinction curve of rat blood (diluted i: 100 with saline) 
4 hr. after ligation of the pylorus and intraduodenal injection 
of 200 mg. of phloxin/kg. in rats 781 (O——O) and 820 (+ ----+) 
or 1 ml. of saline in rats 780 (@ @) and 818 (X--+*-°X), 








compared with the extinction of phloxin in saline (QO—- —O). 


as such (Fig. 3). Although the nature of the 
phloxin-like substance in the gastric juice has not 
been elucidated as yet, it is interesting to observe 
that when histamine is added to an aqueous solu- 
tion of phloxin in vitro, a complex is formed which 
also has an absorption maximum at 540 my 
(Fig. 2). 


DISCUSSION 


The observation that in a number of rats in- 
jected with phloxin the gastric juice was tinted 
red is interesting in connexion with the finding of 
Bradford and Davies (1950), that some acid dyes 
are transported across the isolated gastric mucosa 
of the frog, toad, cat, and polecat but not con- 
centrated in the gastric juice, in contrast with basic 
dyes. The acid dyes tested by these workers in- 
cluded phenolphthalein and fluorescein. 

The similarity between the extinction curves of 
the “red” gastric juice and of the histamine- 
phloxin complex (in aqueous solution) obtained in 
vitro suggests that these samples of gastric juice 
contain phloxin in the form of a similar complex 
with histamine. MacIntosh (1938) found a sub- 
stance with the properties of histamine in the 
gastric juice of dogs, and Kahlson (1948) found 
histamine in the gastric juice of the cat, but to our 
knowledge no data are available about the occur- 
rence of histamine in the stomach of the rat. 

Although gastric secretion in the rat is pre- 
dominantly influenced by the vagus (Shay et al., 
1945), it is clear from the experiments described- 
above that histamine may cause a significant in- 
crease in the amount of HCI secreted by the rat 
stomach under the present experimental condi- 
tions. It is also evident that phloxin inhibits this 
stimulating effect of histamine. This inhibitory 
effect may be due to the general toxicity of phloxin, 
to a more specific inhibition of gastric secretion 
irrespective of the eliciting agent, without affecting 
other functions, or to a specific inhibition of the 
effect of histamine on gastric secretion. 

Although the fall in blood pressure caused by 
phloxin itself is too brief to explain the almost 
complete inhibition of gastric secretion during the 
second half-hour (Table III), it might be argued 
that its depressor effect may cause a secretion of 
adrenaline, and that the inhibition of gastric secre- 
tion observed is due to the latter. However, we 
feel that although adrenaline may contribute to the 
inhibitory effect it cannot be the sole cause ; in the 
first place because adrenaline may both increase 
and decrease the blood flow through the gastric 
vessels, so that an increased rate of secretion may 
also be recorded (Ivy and Javois, 1924 ; Thompson 
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and Vane, 1953); in the second place because the 
degree of inhibition due to adrenaline recorded by 
previous investigators (Hess and Gundlach, 1920 ; 
Thompson and Vane, 1953) was of the order of 
66% at the most—far less than the almost com- 
plete inhibition found in our experiments. In the 
experiments in which the pylorus was ligated no 
toxic signs were observed. 

At first sight the present results seem to be in 
agreement with the hypothesis that phloxin inhibits 
gastric secretion irrespective of its cause, for it 
inhibits both the spontaneous secretion of acid in 
the stomach and the secretion elicited by pilo- 
carpine and by histamine. However, these results 
may also be explained by assuming that in all these 
types of gastric secretion histamine is involved, 
and that phloxin exerts a more or less specific 
antihistamine effect. Results of experiments on 
rat’s isolated ileum favour this possibility. Thus 
120 yg. of phloxin inhibited the effect of 80— 
160 yg. of histamine, but not the effect of 0.5 pg. 
of acetylcholine or 0.08-0.24 wg. of carbachol (all 
per ml. of fluid in the organ bath) (van Noordwijk, 
1954). 

The finding of gastric juice with an extinction 
curve very similar to that of the histamine-phloxin 
complex formed in vitro is also relevant, although 
of course it does not provide conclusive evidence 
that the gastric juice contains the same histamine- 
phloxin complex. 

The depressant effect of phloxin on pilocarpine 
may be explained by assuming either that hista- 
mine is involved in the chain of reactions which 
follows its administration and leads to the secre- 
tion of HCl, or that pilocarpine stimulates the 
oxyntic cells directly just as histamine does and 
that phloxin combines with pilocarpine or hista- 
mine in an identical way. 

It is interesting to recall that both histamine and 
pilocarpine possess an imidazole ring, and that the 
drug tolazoline (benzazoline, “ priscol”’) which is 
also reported to stimulate the secretion of HCl, 
in a manner similar to histamine (Thiele 1940), is 
an imidazoline derivative. We found that 75 mg. 
(0.382 m.mole) of tolazoline/kg. did indeed stimu- 
late the secretion of HCl in the rat stomach, 
although this effect was less constant than that 
of histamine or pilocarpine. These facts suggest 
that the imidazole or imidazoline ring may be 
linked with the secretion of HCl in the stomach, 
and as phloxin is an acid dye it is likely that it 
reacts with one of the nitrogen atoms of the ring 
and hence prevents it from combining with the 
specific cell receptors. Such a reaction is made 
likely by the fact that both pilocarpine and tol- 
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azoline precipitate phloxin from aqueous or alco- 
holic solutions. 

It will be recalled that Niemann and Hays (1942) 
suggested that the activity of histamine is linked 
with the following structure: 

ll 
C—N 
H.C’ 


\ 
C—N H, 


H, 


However, Grossman, Robertson and Rosiere (1952) 
tested a number of compounds, structurally related 
to histamine, for their ability to stimulate the secre- 
tion of HCl in the dog’s stomach. They found 
12 compounds to be active, but two of them did 
not possess the structure shown above. Besides 
these there were numerous compounds which were 
inactive in spite of having the required structure 
—such as, for example, 2 (@-aminoethyl)-pyridine. 
Furthermore, they found a discrepancy in the 
histamine-like activity of a number of compounds 
when tested on the guinea-pig’s ileum or the cat’s 
blood pressure on the one hand and the stimula- 
tion of gastric secretion on the other. Hence they 
concluded that the mechanism of the stimulating 
effect of histamine on gastric secretion is different 
from that of other actions of this drug. 

The fact that substances with an imidazole, 
imidazoline, or a pyrazole ring (sometimes with- 
out a free aminoethyl group such as acetylhista- 
mine or with no aminoethyl group at all) can affect 
gastric secretion may indicate that for this effect 
the presence of one or more nitrogen atoms in an 
aromatic ring is of greater importance than the 
presence of a free aminoethyl group. 

It is tempting to link these compounds with the 
process of HCI formation outlined by Davies and 
Ogston (1950). According to their theory one of 
the fundamental reactions probably involved is the 
transportation of hydrogen across an intracellular 
barrier by a carrier. Perhaps this role of carrier 
may be fufilled by a heterocyclic compound, like 
histamine, which contains a basic N-atom. 

It is felt that in this way the following separate 
observations may be correlated: 


1. Histamine is a stimulant of the secretion of 
HCI in the stomach of many mammalian species. 


2. Other compounds with an imidazole, imid- 
azoline, or a pyrazole ring and sometimes lacking 
a free aminoethyl group (pilocarpine, tolazoline, 
acetylhistamine, 4 - isopropylamino - imidazole, 
Grossman et al., 1952) may also stimulate the 
secretion of HCl. 
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3. Phloxin reacts with pilocarpine, tolazoline, 
and histamine in vitro, and in vivo it blocks the 
stimulating effect of pilocarpine and histamine on 
the secretion of HCl. 


4. Phloxin also inhibits the normal secretion of 
HCI in the rat stomach. 


SUMMARY 


1. Histamine, as well as pilocarpine, stimulates 
the gastric secretion of HCl in rats under pento- 
barbitone sodium anaesthesia. 


2. Phloxin (tetrabromo - tetrachlorofluorescein) 
inhibits the normal gastric secretion of HCl in the 
anaesthetized rat and in the “ Shay” rat. 


3. Phloxin also inhibits the stimulating effect of 
histamine and of pilocarpine on the gastric secre- 
tion of HCl. 


We wish to thank Professor B. Mendel for helpful 
suggestions; we are grateful to Dr. W. Feldberg, F.R.S., 
of the National Institute for Medical Research, and to 
Dr. H. O. Schild of the University of London for their 
criticism of this paper. We acknowledge the assistance 
of Mr. A. Kemp in some of the preliminary experiments. 
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CHLORAMPHENICOL EXCRETION IN THE BILE 


BY 


E. DANOPOULOS, B. ANGELOPOULOS, CHR. ZIORDROU anp P. AMIRA 
From the First Medical Clinic, Athens University 


(RECEIVED JULY 30, 1953) 


It is well known that chloramphenicol is readily 
absorbed from the gastro-intestinal tract, and 
appears in the blood shortly after oral administra- 
tion. Its presence in the bile after an interval 
of two hours has been reported by Gruhzit, Fisken, 
Reutner, and Martino (1949), by Glazko, Wolf, 
and Dill (1949), and by Long, Bliss, Schoenbach, 
Chandler, and Bryer (1950). In the following 
paper some details are given of its excretion in 
the bile. 

METHODS 


Absorption from the Portal Vein by the Liver.—After a 
12-hr. fast, dogs of 8 and 13 kg. were given 80-100 mg. 
of chloramphenicol by mouth in a sufficient quantity of 
water. Half an hour later the abdomen was opened 
under chloralose anaesthesia, and blood samples were 
taken from the portal and hepatic veins. 


Excretion in the Bile of Dogs.— After ligation 
and section of the common bile duct a biliary 
fistula was established. The general condition 
of the dogs remained good for a long period, 
for, by licking and swallowing some 


of the escaping bile, they obtained a 1024 - 

a considerable quantity by mouth. The 

fistula was catheterized daily with a glass 512 4 

catheter to maintain patency. The bile 

flow was continuous, indicating bile of 256 4 

hepatic and not gall-bladder origin. About “= 

a month after operation the fistula was well “GH 128- 

organized and no bleeding followed - 

catheterization. Oo $4; 
In each experiment chloramphenicol © 

was administered by stomach tube or oral 2 32, 

syringe, and at the same time a rubber ~ 

catheter was inserted into the fistulae = 16- 

Bile was flowing continuously, and blood Z& 

and bile samples were collected at intervals O 8 

after administration. The chloramphenicol 5 

estimations were made by the colorimetric 4+ 

method described by Bessman and Stevens 

(1950). 24 
Excretion in Human Bile—A dose of 1 





RESULTS 


Samples of blood from the portal and hepatic 
veins of two dogs were analysed for their chloram- 
phenicol content half an hour after administration 
of 80-100 mg. chloramphenicol by mouth. The 
results show that chloramphenicol is absorbed 


from the portal vein during its passage through 


the liver (Table I). 


TABLE I 


CONCENTRATION OF CHLORAMPHENICOL uG./ML. HALF 
AN HOUR AFTER ORAL ADMINISTRATION OF 80-100 MG. 











Portal Vein Hepatic Vein 
Dog, 8 kg. = ae 12 4-0 
= 52 + - ea 20 8-5 








Two observations were made at intervals of ten 
days on the concentration of chloramphenicol in 
the blood and bile in each of two dogs, up to six 
hours after administration of 8 mg./kg. by mouth. 
As Fig. 1 shows, the blood concentration falls after 








BILE 





250 mg. was given to a man weighing 
46 kg. with a post-operative biliary fistula: 
blood and bile samples were collected after 
3, 1, 2, 3, and 6 hr. 





HOURS 


Fic. 1.—Blood and bile concentrations of chloramphenicol in two dogs after 
8 mg./kg. by mouth. Two experiments at 10-day intervals on each dog. 
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one hour. Increasing the dose causes an almost 
proportionate increase in blood concentration. 
The concentration in the bile is 30—SO times that 
of the blood and, although it is highest between 
the second and third hours, it is still considerable 
six hours after administration. In one dog, given 
24 mg./kg. by mouth, the blood and bile concen- 
trations were measured up to 24 hours (Table II). 


TABLE II 


CONCENTRATION OF CHLORAMPHENICOL (uG./ML.) 
AFTER ORAL ADMINISTRATION 




















Time Hrs. : 4 1 F 3 6 12 | 24 
a Blood | —|10 | —| 22] 13] 6| 2 
24 mg./kg. Bile —|50 | —| 800 | 650 | 150 | 40 
Man Blood 4 5 5 3 2 —_—|— 
5-4 mg. /kg. Bile Ve Cc2e Vises = 





























At 12 hours the concentration in the bile had 
fallen considerably, and after 24 hours had reached 
approximately the same level as at one hour, one 
twentieth of its maximum. 

A single observation in man (Table II) con- 
firmed the impression, derived from these figures, 
that the concentration of chloramphenicol in the 
bile is well maintained for the first three hours 
even when the blood concentration is falling. 


DISCUSSION 


The steady and continuous flow of bile through- 
out these experiments suggested that the bile was 
of hepatic rather than gall-bladder origin. The 
high concentration of chloramphenicol in the bile 
is therefore due to the concentrating ability of the 
liver rather than the gall-bladder. The rapid rate 
of absorption of chloramphenicol by the liver is 
indicated by the gross difference in blood levels 
in the portal and hepatic veins. 

In the absence of a biliary fistula the chloram- 
phenicol excreted with the bile into the intestine 
is reabsorbed from the intestine and brought to 
the liver through the portal vein. Thereafter a 
part of it passes to the main circulation through 
the hepatic veins, and the remainder is again 
brought with the bile to the intestine. Thus, the 
reduced blood concentration observed in the 


second hour is not found under normal condi- 
tions, because of the continuous enterohepatic 
circulation of chloramphenicol. This entero- 
hepatic circulation of the drug is important for 
two reasons—firstly, small doses of the drug re- 
main in the systemic circulation for a longer time, 
and secondly the concentration in the biliary tract 
is higher. 

This concentrating power of the human liver 
may be of practical importance in the treatment 
of cholangitis and cholecystitis. It may also apply 
in typhoid fever, for the typhoid bacillus fre- 
quently passes into the biliary system. 

It should not be assumed that the chloram- 
phenicol excreted in the bile is necessarily all 
active, for Chittenden, Sharp, Vonder Heide, 
Bratten, Glazko, and Stimpert (1949) demon- 
strated that only 15% of the chloramphenicol ex- 
creted in urine, as estimated colorimetrically, is 
in an active form. It is probable, therefore, that 
part of the chloramphenicol excreted with the bile 
is also inactive. 


SUMMARY 


1. Chloramphenicol administered by mouth is 
absorbed from the portal vein by the liver and 
excreted in considerably greater concentration in 
the bile. 

2. It is reabsorbed from the intestine and car- 
ried to the liver again, undergoing an entero- 
hepatic circulation similar to that of the bile salts. 

3. The importance of this circulation is discussed. 


The chloramphenicol used in these studies was kindly 
supplied by Dr. Robert Hodgkinson, Director of Clinical 
Investigation, Messrs. Parke, Davis & Company, 
Limited. 
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A PERIPHERAL ACTION OF SODIUM SALICYLATE 


BY 


D. H. SPROULL 
From the Clinical Chemotherapeutic Research Unit of the Medical Research Council, Western Infirmary, Glasgow 


(RECEIVED DECEMBER 11, 1953) 


Sodium salicylate and related compounds are 
widely used for their antipyretic properties. It has 
been suggested that the antipyresis is due to an 
effect on the hypothalamus, leading to increased 
heat loss (Barbour, 1926; Guerra and Barbour, 
1943). This concept, however, does not specify 
what effects salicylate would be expected to have 
on metabolic rate. 

The observation of Reid (1952), when studying 
the changes in acid-base balance, that sodium 
salicylate caused a marked increase in the O, con- 
sumption of the rabbit, was surprising in view of the 
antipyretic activity of the drug. The question 
arose, whether such an increase occurred in man 
with therapeutic doses of sodium salicylate. Denis 
and Means (1916) appear to have been the first to 
observe the effect clinically, but they did not attach 
any significance to it; Cochran (1952), however, 
clearly demonstrated that salicylate is a powerful 
metabolic stimulant in man. 

The present study was to determine whether 
metabolic stimulation by sodium salicylate occurs 
only in the whole animal, or if it is also demon- 
strable in isolated tissue. 


METHODS 


The O, consumption of liver slices from CBA mice 
was determined by the direct method in Warburg 
respirometers at 37° C., according to the procedure of 
Dixon (1951). Glucose-phosphate-Ringer of pH 7.40 
was used as medium. It was dispensed from double 
strength stock solutions and finally made up to volume 
in the Warburg flasks with water for the control tissues, 
or with a solution of sodium salicylate for the treated 
tissues. 

Sufficient slices were obtained from each mouse to 
determine in duplicate the control rate of O, consump- 
tion, in c.mm. O, at N.T.P./hr./mg. dry weight of tissue 
(Qo,), and that in the presence of sodium salicylate. 

Preliminary observations were made from a concen- 
tration of sodium salicylate of 10-5m upwards. Sys- 
tematic observations were then made at eight concen- 
trations found to affect the Qo, of the liver slices; at 
each of these concentrations liver slices from sixteen 
mice, eight of each sex, were studied. 

The duration of the runs was 30 min.; 
taken at 15-min. intervals. 


readings were 


RESULTS 


For each animal, the difference between the mean 
control and treated rates of O, consumption 
(AQo,) was obtained by subtracting the Qo, of the 
salicylate treated tissue from that of the control. 
Therefore increased rates of O, uptake appear as 
positive quantities and decreased rates as negative. 

The mean response at each concentration is 
presented in Table I. A slight but definite increase 


TABLE I 


MEAN DIFFERENCES IN RATE OF O, UPTAKE BETWELN 
CONTROL AND SALICYLATE TREATED LIVER SLICES 


AQo0,=Qo, (control tissue) — Qo, (salicylate treated tissue). The 
last column shows the probability, according to the t-test, regarding 
the significance of the differences of the means from zero. 








Molar Concn. of Mean AQo, P 
Sodium Salicylate + S.E, 
3-5x 10-4 +0-41 +0-08 0-001 
$x i¢-* +0-68 +0-14 0-001 
1x 107% +1:36 +0-14 < 0-001 
2x 10-3 +1:98 +0-36 0-001 
3x 10-3 +1-34 +0-29 0-001 
4x 10-3 +059 +0-21 0-02 
5x 10-3 —0-88 +0-28 0-01 
7-5 x 10-3 —3:55 i0-34 0-01 











in the rate of O, consumption was found at 
3.5 x 104M-sodium salicylate: this increase be- 
came progressively greater, and reached its 
maximum observed value at 2x10 °M. From 
3 x 10-*M to 7.5 x 10°°M the increase in rate of O, 
uptake diminished, giving way by 5x10™°m to a 
decrease. At 2x10°M the mean AQo, was 
+ 1.98; since the mean control Qo, was —9.10, 
this corresponds to a mean increase of 22% in the 
rate of O, consumption. 

An indication of the precision of the data may 
be of interest. The means and standard deviations 
of the arithmetic differences between duplicate Qo, 
determinations were :—control tissues 0.31 + 0.22, 
salicylate-treated tissues 0.37+0.29. The grand 
mean control Qo, was —9.10 and the standard 
deviation’ + 0.96. 

The effects of sodium salicylate on the rate of O, 
consumption of mouse liver slices were therefore 
a simple stimulation between the concentrations 
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3.5x10*m and 2x10°mM; at 3x10°mM and 
4x10°-°m an increasing depression was super- 
imposed on the stimulation ; and at 5 x 10°*m and 
7.5 x 10°°m the depression predominated. No sig- 
nificant sex differences were found in the response 
of the liver slices to salicylate. 

The relation between concentration of sodium 
salicylate and AQo, is shown in Fig. 1. To estab- 
lish the usual relation between response and 
logarithm of drug concentration, it is necessary to 
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. 1.—The relation between concn. of sodium salicylate and effect 
on O, uptake of mouse liver slices at 37° C., in glucose-phosphate- 
Ringer medium of pH 7.40. Abscissa: logarithmic scale of concn. 
M x 10°; in parentheses vg./ml. Ordinate: rate of O, consump- 
tion of control tissues less that of salicylate treated tissues ( A Qo,), 
in c.mm. O,/hr./mg. dry weight of tissue. The points represent 
the mean differences found at each concn. The lines are drawn in 
accordance with the regression equations of A Qo, on log concn. 


| 
3 


divide the data into two parts. Over the lower 
concentrations, up to 2 x 10m, the mean AQo, 
for each concentration bears a linear relation to the 
log of the concentration ; the regression equation of 
AQo, on log concentration and the analysis of 
variance are shown in Table II. (It was found 
convenient in the analysis of the data to use 
pg./ml. as the unit of concentration, rather than 
molar units.) The regression equation satisfac- 
torily accounts for the relation between the magni- 
tude of the effect and drug concentration. 

Over the second part of the range of concen- 
trations used—from 3 x 10-*m—the relation be- 
tween mean AQo, and log concentration is not so 
strictly linear ; inspection of Fig. 1 shows that the 
first mean AQo, of this group, at 3 x 10™°M, is 
somewhat out of line with the succeeding three. 
An explanation of this will be considered below ; 


TABLE II 


THE REGRESSION EQUATIONS OF RESPONSE ON LOG 
CONCN. OVER THE CONCENTRATION RANGES (i) 3.5 x 10-4 
TO 2x 10-°m AND (ii) 3 x 10-* TO 7-5 x 10-°m 


AQ0,=Qo, (control tissue) — Qo, (salicylate treated tissue). For 
simplicity, x =log,, concn. in ug./ml. The significance of the regression 
equations is indicated in the analyses of variance. 








6s -4 —-3 
Concn. range of sodium + _ Rak, a 4 
salicylate .. ** | (56 to 320 yg./ml.) | (480 to 1,200 ng./ml.) 
Regression equation 


where y= AQo, and 
x=log,,9 sodium sali- 














cylate concn. in ug./ml. y=2-11x—3-3 y = 35-65 —12-65x 
Sum Sum 
. : Mean Mean 
Analysis of Variance of |d.f. of d.f. 
Squares Squares Squares Squares 
Variance between con- 
centrations: 
Due to regression 
equation .. .. | 23-97 1 {23-97 |216-48 1 | 216-48 
Deviation from re- 
gression ae 0-03 2] 0-015 6:95 2 3-48 
Variance within concen- 
trations Dee .. | 40°87 | 60 | 0-68 77°56 | 60 1:29 
Total Variance .. | 64-87 300-99 























in the meantime it will be seen that a second re- 
gression equation was derived—presented in Table 
1I—which establishes a significant relation between 
AQo, and concentration of sodium salicylate. 

It may seem feasible to determine the concen- 
tration at which the rate of O, consumption would 
be maximal—the optimal concentration for the 
stimulation—by solving the regression equations as 
a pair of simultaneous equations. Such a step is 
not generally permissible, and there is a specific 
reason for not doing so in the present instance. 
A diphasic concentration-response relation—that 
is, one which may be resolved into only two com- 
ponents—is theoretically improbable for the 
present data. Representation of the results in 
terms of two components is an approximation, 
since the condition is implied that the minimal con- 
centration of maximal response for the stimulation 
(S) is the same as the threshold concentration for 
the depression (D). While this is possible, it is a 
special case. The general alternatives are (1) that 
S<D, when there would be, between the ranges of 
increasing stimulation and increasing depression, 
a range of concentrations within which the response 
would be maximal and constant; or (2) S>D— 
that is, the stimulation has not reached its zenith 
when the depression begins—in which case the 
concentration-response relation would consist of 
three components in all, the present second com- 
ponent being represented by two, one correspond- 
ing to simultaneously increasing stimulation and 
depression, the other to maximal stimulation and 
further depression. The latter alternative seems 
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applicable to the present results, and affords an 
explanation of the out-of-line point in Fig. 1. 

In conclusion, it is not justifiable to estimate from 
the present data, by extrapolation, the concentra- 
tion of sodium salicylate at which the rate of O, 
consumption would be maximal. Nevertheless, it 
is clear that this concentration lies between 
2x 10°*m and 3 x 107°. 


DISCUSSION 


The only previous study of the effect of salicylate 
on tissue respiration appears to be that of Lutwak- 
Mann (1942), who reported depression at concentra- 
tions of 10-*mM and upwards. 

The present investigation shows that sodium 
salicylate has two effects on the respiratory rate 
of mouse liver slices—stimulation succeeded, at 
higher concentrations, by depression. It cannot 
be assumed that these effects are universal, occur- 
ring in all tissues, but, following the precedent of 
other drugs exhibiting similar actions, it is probable 
that they are not confined to the liver. The stimu- 
lation is not peculiar to the species used, since 
salicylate is a metabolic stimulant in the intact 
rabbit (Reid, 1952) and in man (Cochran, 1952). 

The stimulation is of more immediate interest 
than the depression, since it occurs at therapeutic 
drug concentrations, and because, unlike the de- 
pression, it is an unusual and apparently para- 
doxical action. Furthermore, the present study 
shows that this action is of peripheral, and not of 
central, origin. 

In the past this type of effect has been particularly 
associated with 2:4-dinitrophenol (DNP) and 
certain of its derivatives, and the present results 
suggest that salicylate merits classification with this 
group of compounds. Stimulation of tissue re- 
spiration is not the only common factor in the 
pharmacodynamics of salicylate and DNP. DNP 
is glycogenolytic (Magne, Mayer, and Plantefol, 
1933b); so is salicylate (Lutwak-Mann, 1942; 
Sproull, 1954). Both drugs stimulate respiratory 
movement out of proportion to the pulse rate ; both 
are diaphoretic ; both increase nitrogen excretion ; 
body weight falls after repeated administration, and 
polyuria follows the withdrawal of both (Magne 
et al., 1933a and b; Reid, Watson, and Sproull, 
1950). McGuigan and Higgins (1935) caused fever 
in dogs by the administration of salicylate, and 
pyrexia occurs in non-allergic salicylate poisoning. 

Emphasis has been placed on the similarity of 
salicylate and DNP, because the comparison 
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furnishes a background for the interpretation of 
the present findings. 

Since the stimulating concentrations are of the 
same order of magnitude as therapeutic plasma 
concentrations, metabolic stimulation by salicylate 
may be a factor in the therapeutic activity of the 
drug, or it may be a side-effect; at the moment 
neither possibility can be eliminated. The full 
importance of the present results cannot be assessed 
until evidence on this question is obtained. How- 
ever, it is evident that sodium salicylate has the 
salient pharmacological properties of 2: 4-dinitro- 
phenol. 


SUMMARY 


1. Rates of O, consumption of mouse liver slices 
in glucose-phosphate-Ringer at 37° C. were deter- 
mined by the Warburg direct method, in the 
presence of graded concentrations of sodium 
salicylate, from 3.5 x 10-*M to 7.5 x 10°*M. 


2. Progressively increasing respiratory rates were 
found from 3.5 x 10°*M to 2 x 10°*M-sodium salicy- 
late ; the maximum observed mean value, which 
corresponded to 22% more than the mean control 
Qo., was found at 2 x 10°*m. 


3. From 3 x 10-*M to 7.5 x 10°-*M-sodium salicy- 
late the mean Qo, of the treated tissues fell, and 
became less than that of the controls by 5 x 10°°M. 


4. These results are briefly discussed, and atten- 
tion is drawn to the numerous pharmacological 
properties shared by sodium salicylate and 2:4- 
dinitrophenol. 


The author wishes to thank Dr. G. M. Morant and 
Mr. D. G. C. Gronow, of the R.A.F. Institute of Aviation 
Medicine, for their criticism of the statistics. 


REFERENCES 


Barbour, H. G. (1926). J. Pharmacol., 29, 427. 

Cochran, J. B. (1952). Brit. med. J., ii, 964. 

Denis, W., and Means, J. H. (1916). J. Pharmacol., 8, 
273. 

Dixon, M. (1951). Manometric Methods, 3rd ed. 
London: Cambridge University Press. 

Guerra, F., and Barbour, H. G. (1943). J. Pharmacol., 
79, 55. 

Lutwak-Mann, C. (1942). Biochem. J., 36, 706. 

McGuigan, H. A., and Higgins, J. A. (1935). Arch. int. 
Pharmacodyn., 51, 398. 

Magne, H., Mayer, A., and Plantefol, L. (1933a). Ann. 
Physiol., 8, 1. 

—— (1933b). Ibid., 8, 51. 

Reid, J. (1952). Personal communication. , 

Watson, R. D., and Sproull, D. H. (1950). 
Quart. J. Med., 19, 1. 
Sproull, D. H. (1954). Brit. J. Pharmacol., 9, 121. 















































———— 
Brit. J. Pharmacol. (1954), 9, 265. 

n of 

Be THE ANTIBACTERIAL ACTIVITY OF PHENANTHRIDINE 
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— From the Microbiological Unit, Department of Agricultural Sciences, University of Nottingham 

Ow- 

3; the (RECEIVED DECEMBER 18, 1953) 
‘itro- 
Certain phenanthridine compounds, originally muscle, was used. Streptococcus pyogenes was also 
synthesized by Morgan and Walls (1938), were grown in 10% serum and in blood. 

; found by Browning, Morgan, Robb, and Walls In vivo Activity—Compounds were injected intraven- 
slices (1938) to possess trypanocidal properties. This ously in volumes of 0.5 ml. into groups of 6 or 10 mice. 
leter- discovery led Walls and his colleagues (1945, 1947, The LD50’s were read from a log-probit scale. 

the 1948, 1950a, b, c, d, 1952a, b) to synthesize a hay oe soe was used = gp : — of 
dium sade isa mice iniected intraperitoneally with 0.5 ml. of a } in 

— —. r of . — o~ kage cmon 50,000 suspension of an 18 hr. culture of Streptococcus 

S a — a pyogenes. Drugs were given intraperitoneally, imme- 
were T. congolense infections of cattle. The structure- iately on infection, 6 hr. later, and on the morning 
ilicy- action relationships of the group have been dis- of the following day. The doses were estimated to be 
vhich cussed by Wien (1946), and by Brownlee, Goss, below the toxic level, but occasionally they were not. 
ntrol Goodwin, Woodbine, and Walls (1950), mainly 

from the point of view of their trypanocidal RESULTS 
licy- activity. At the same time the latter workers The therapeutic activity in vivo and the acute 
and investigated the antibacterial properties of these toxicity of all compounds were measured. Pre- 
“34 compounds. We have collated the information vious observations (Seaman, 1954) have shown 

; they obtained on the antibacterial properties of that the activity against Streptococcus pyogenes is 
tten- these and related compounds, and have shown closely related to the general activity against 
gical that their antibacterial properties run roughly many common pathogenic organisms ; the results 
2:4- parallel with their trypanocidal properties. reported here are therefore confined to 
Str. pyogenes. 

— METHODS The compounds are grouped primarily on the 
stion In vitro Activity—A serial dilution technique, in basis of possession of the same major substituent 

nutrient broth prepared from a papain digest of horse on the 9 position ; secondarily, on the formation 

TABLE [ 
TOXICITY AND ANTIBACTERIAL ACTIVITY OF 9: 10 DIHYDRO PHENANTHRIDINES 
6.6 § 4 3 
8 AO ae 
. * ff 1 
ed. HC N 
9 10 ann 
col., oe 
Code Substituents in Positions oa ——-. Sor LDs0O Se ede 
. No. Str. pyogenes mg./kg. (i.v.) Activity 
. int, 7 9 | 10 mg. % (w/v) 
25 50 (Insol) 
Ann. 368047 OH CH? CH,CHgI 100 = 
642C46 CH,CONH CH; CH,CH,l 50 — (Insol) - 
491046 C,H,COONH | CH, CH;HCI 200 7 “ 
629C46 C,H;COONH | CH, CH,CH,I 0-4* 85 a 
50)! 490C46 on Phenyl CH, 3 80 - 
). 562C46 — Phenyl CH,CH,I 1-5 21 
610C46 CH,O p-Methoxyphenyl CH; 3 25 (Insol) - 
Lo CH,O nen Ca ea ; a = 
04C46 — Z 
413C46 an Sonnet CH,CH,Cl 6 8-4 aa 
* Activity against other organisms low. 
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TABLE II 
TOXICITY AND ANTIBACTERIAL ACTIVITY OF 9-ALDEHYDES AND 9-CARBOXYL PHENANTHRIDINES 



























































\ gee / 
cS FN 
9 10 
: : ae Inhibiting 
Code Substituents in Positions Concentration for LDS5SO In vivo 
No. Str. pyogenes mg./kg. (i.v.) Activity 
7 9 10 mg. % (w/v) 
547C47 — CHO — 12 — (Insol) - 
548C47 C,H ,COONH CHO HCl 25 - 6S - 
662C47 NH, COOK oo 200 260 - 
661C47 C,H;COONH COONa — 200 34 - 
TABLE III 
TOXICITY AND eterna: ACTIVITY OF 9-METHYL PHENANTHRIDINES 
a ae, 
ee 
C N 
| 10 
CH; 
, . i Inhibiting 
Code Substituents in Positions Concentration for LD50 In vivo 
No. Str. pyogenes mg./kg. (i.v.) Activity 
2 6 and 7 10 mg. % (w/v) 
161C47 — 7-OH HCl 25 50 (Insol) ~ 
375C46 _- 6-NH, HCl 1-5 61-5 = 
630C46 C,H,COONH —- HCl 200 29 _ 
154C46 ae 7-C,H,COONH HCl 200 10 = 
156C46 -- 7-NHg H,SO, 50 107-5 _ 
290C46 — 6-C,H i,COONH H,SO, 12 110-5 = 
523C46 NH, CH,Br 0-08 28-7 + 
31C46 = 6-NH, CH,Br 0-8 5-7 + 
376C46 — 7-NH, CH,Br 1-5 22:5 aa 
640C46 7- -NH; CH,Br 0-04 14-6 + 
641C46 CH i,COONH CH,Br 0-4 37:2 + 
206C47 7-OH CH,Cl 0-08 18 = 
1C46 7-C. peo CH;SO,4 1-5 21 - 
492C46 C,H ,COONH 7- C. 2H,COONH CH °CH,SO, 0-4 19-2 + 
9C46 a 6-C,H ,COONH CH;CH,;SO, 0-08 19 + 
TABLE IV 


TOXICITY AND ANTIBACTERIAL ACTIVITY OF PHENANTHRIDINES WITH SEMICARBAZONE, ACETOHYDRAZONE 
AND PYRIDINIUM SUBSTITUENTS 











a 
C N 
10 
H=R 
’ . oi Inhibiting 
Code Substituents in Positions Concentration for LD50 In vivo 
No. Str. pyogenes mg./kg. (i.v.) Activity 
7 =R 10 mg. % (w/v) 

549C47 on = NNHCONH, HCl 50 y 20 (Insol) - 
550C47 C,H;COONH =NNHCONH; HCl 200 -—  ~« = 
566C47 pam = NNHCOCH, N(CH,);Cl om 0-08 11 _ 
575C47 C,H;COONH =NNHCOCH,N(CH;),Cl an 6 11-5 + 
565C47 = = NNHCOCH,N.CI ons 0-08 13 + 
574C47 C,H,COONH = NNHCOCH,N.CI ome 200 14 _ 
735C47 om 4,=CH.C,H,NCH,l _ 0-08 13-2 + . 

81C48 C,H,COONH 4,=CH.C;H,NCH,I = ‘ 0-16 11-6 + 
734C47 5,=CH.C;H,NCH,I a 0-08 17 + 

80C48 NH, 1,=CH.C,H,NCH,I on 0-16 15 (Insol) + 

82C48 NH, 5,=CH.C,H,NCH,I ome 0-08 -17 + 

79C48 5,=CH.C,;H,NCH,lI one 0-16 14 + 
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of series with increasingly complex substituents at 
positions 2 and 3, then at 6, 7, and 8 ; and, finally, 
on the quaternary group at 10 (see Table I). 

Table I refers to compounds in which the 9:10 
bond is saturated. Here the activity is generally 
low and the toxicity variable. The effect of a 
methyl group at position 10 is to decrease water 
solubility ; a phenyl ring at position 9 increases 
activity. 

The compounds with an intact double bond 
(9-10), and a single carbon substituent (aldehyde 
or carboxyl) at the 9 position, possess little activity 
(Table ID. 

In Table III all compounds have a methyl group 
in position 9. They are, in general, less toxic, but 
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when the 10 substituent is methyl there is a marked 
increase in activity. An interesting point is that, 
whereas amino groups at 2 and 7 positions confer 
the greatest activity (as in the trypanosome 
studies), those compounds with only one amino- 
group (2 or 7) are only as active as, and are 
slightly more toxic than, those without this group. 

The first half of Table IV shows pairs of com- 
pounds differing only in the presence or absence 
of a carbethoxyamino group at position 7. This 
substituent lowers the activity but does not affect 
the toxicity, which remains at 10 to 15 mg./kg. 
for active phenanthridine compounds. 

The compounds in Table V contain, at posi- 
tion 9, a phenyl group with or without substituents. 


TABLE V 


TOXICITY AND ANTIBACTERIAL ACTIVITY OF «srr WITH METHYL HALIDES IN 

















7 — 2 
C N 
10 
v9 
m 
, : - Inhibiting 
Code Substituents in Positions Concentration for LDS50 In vivo 
No. Str. pyogenes mg./kg. (i.v.) Activity 
2 and 3 6, 7, and 8 9 10 mg. % (w/v) 

43C46 — _ — CH,Cl 0-7 3-5 _ 
456C47 — — p-NH, CH,Cl 0-04 20 — 
258C47 2-NH, —_ p-NH, CH,Cl 0-08 11 - 
522C46 2-NHg —_ p-NH, CH,Br 0-16 8-7 _ 
443C46 2-NH, — p-NO, CH,Cl 0-08 13-8 _ 
75C48 3-NO, — p-NH, CH,;Cl 0-35 21-5 _ 
64C47 2-CH,CONH — p-NH, CH,Cl 1-5 5 -- 
3CA47 -NH, — p-C,H,COONH CH,Br 0-08 7 per 
157C47 2-C,H,COONH — p-NH, CH,Cl 0-17 11-7 _ 
489C46 2-C,H ,COONH -- p-NO, CH,Cl 0-17 46 — 
301C47 2-C,H,COONH _ p-C,H,COONH CH,Cl 1-5 — (Insol) - 
494C46 3-C,H ,COONH —- p-C,H,;COONH CH,Cl 0-08 32 + 
730C47 — 7-OH — CH,Cl 0-35 77 + 
699C46 7-OH p-OH CH,Cl 3 16-4 + 
300C47 — 7-OH p-NH2 CH,Cl 1-5 — (Insol) _— 
725C47 — 7-OH m-NH, CH,Cl 0-35 13-7 + 
710C47 — 7-OH p-C,H,COONH CH,Cl 6 8-2 + 
4C47 — 8-NH, p-NH2 CH,Br 0-7 11 - 
359C47 — 7-NH, m-NH, CH,Cl 0-17 7-7 + 
65C47 — 8-NH, p-NO, CH,Cl 1-5 4:5 - 
63C47 —_ 6-NH, p-NO, CH,Cl 0-17 2:5 — 
129C46 — 7-NH, p-NH, CH,Cl 0-35 69 + 
442C46 — 7-NH, p-NO, CH,Cl 0-04 4-7 + 
146C48 2-NO, 7-NH, — CH,Cl 0-08 10-7 + 
6C46 2-NH, 7-NH, — CH,Br 0-17 11 + 
150C47 2-NH, 7-NH, p-NH, CH,Cl 0-08 9-4 + 
676C46 2-NH, 7-NH, p-NO, CH,Cl 1-5 43-5 + 
441C46 — 7-NH, p-C,H;COONH CH,Cl 0-08 1-6 + 
723C47 — 7-CH,O = CH,Cl 0-08 4:3 _ 
284C47 — 7-CH,O p-NO, CH,Cl 0-17 3-5 _ 
670C47 — 7-CH,O m-NO, CH,Cl 0-35 2°5 _ 
286C47 — 7-CH,O0 p-NH, CH,Cl 0:04 14-2 — 
671C47 — 7-CH,O m-NHe CH,Cl 0-08 15-5 _ 
379C46 —_— 7-CH,O p-CH,O CH,Cl 1-5 3 — 
709C47 — 7-CH,O p-C,H,COONH CH,Cl 0-17 12-2 _ 
7 2-CH,CH,N 7-CH,CH;N — CH,Br 0-04 3-7 _ 
377C46 — 7-CH,CONH p-NH, CH,Cl 50 41 + 
292C46 — 7-CH,CONH p-C,.H,COONH CH,Cl 3 61 + 
25C47 2-CH,CONH 7-CH,;,CONH p-NO, CH,ClI 200 7:5 _ 
149C47 2-CH,CONH 7-CH;,COONH | p-NH, CH,Cl 3 8-2 a 
145C48 2-NH, 7-C,H,;,COONH a= CH,Cl 0-08 17 + 
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There is no simple relationship. The 9-phenyl The compounds in Table VI differ from those 
structure confers high activity and the toxicities of Table V in their quaternary group. Their 
are correspondingly high, apart from such anoma- activity is high, possibly owing to the 9-phenyl 
lies as 456C47, 494C46, and 489C46. The lowest substituent, but this activity is depressed and the 
activities are those of the 7-acetamido compounds. toxicity greatly reduced when position 10 is 
TABLE VI 
TOXICITY AND ANTIBACTERIAL ACTIVITY OF 9-PHENYL PHENANTHRIDINES 
3 
A 
lal 
CN ; 
3’ | 10 
‘<> 
» i 
; , - Inhibiting 
Code Substituents in Positions Concentration for LDS50 In vivo C 
No. en Str. pyogenes mg./kg. (i.v.) Activity k 
2 and 3 7 : 7, easy 10 mg. % (w/v) 1 
117043 ae OH 4’-Cl CH,0CI 0-17 | 4-2 n . l 
194C48 = OH 4’-NO, CH,OCI 0-35 5°5 - 
93C48 _ CH;0 4’-Cl CH,OCI 0-08 11-2 
105C48 ~_ CH,O 3’: 5’-NH, CH,OCI 0-35 13-7 . : 
196C48 —_ C,H,;O 4’-NO, CH,0CI 0-08 46-5 “s | 
195C48 _ C,H;O 4’-NH, CH,OCI 0-17 6-9 . ‘ 
214C48 2-CH,O —_ 4’-NH, CH,OCI 0-08 2-5 ( 
213C48 2-CH,O — 4’-NO, CH,OCI 0-08 6:1 
291C46 — CH;CONH 4’-NO CH,CH,SO, 6 50-4 ‘ 
633C46 2-C,H;COONH | C,H;COONH | 4’-NO, CH,CH,SO, 0-35 27:5 
653C47 2-C;H;COONH | C,H;COONH | 4’-CH,O CH,CH,SO, 0-7 37-5 ( 
212C47 non NH, 4’-NH, CH,C,H,SO, 0-17 9-7 ( 
74C48 3-NH, — 4’-C,H,;COONH| CH,C,H;SO, 0-08 18-5 
17748 2-NO,; CH,CONH —_ | CH;C,H,SO, 12 25 2 ‘ 
188C47 2-NH, NH, one | = 50 — (Insol) 
459C47 2-NCH,CH,CH,I | NCH,CH,CH,I _ | o- 25 0-52 i" I 
1 
I 
TABLE VII 
TOXICITY AND ANTIBACTERIAL ACTIVITY OF 9-BENZYL PHENANTHRIDINES ' 
7 —— 2 : 
\c=Nn*% . 
J 
CH, 
“Cy 
sciaknt 
° . es: nhibditing 
Code Substituents in Positions Concentration for LDSO In vivo 
No. —<—<$<$—$——— Str. pyogenes mg./kg. (i.v.) Activity ; 
2 7 | 4 mg. % (w/v) 
44C46 = = at 3 51 + 
654C46 _ _ NH, 1-5 6-4 + ( 
352C47 NH, _ NH, 0-17 5-6 + 
297046 _ —_ CH; 1-5 9-6 “ 
658C46 — _ C,H,COONH 3 34 + 1 
47048 _ OH 0-17 14 - 
149C48 — OH C,H,COONH 0-7 25 _ i 
660C47 NH, NH, - 0-35 31-5 sp 
405C46 — NH, NH, 1-5 8 | + 
_ NH, NO, 0-7 100 (Insol) | de 1 
656C46 _ NH, C,H ,COONH 0-35 5-5 + 
28C48 — CH,0O NH, 0-35 7 a ‘ 
34C48 _ CH,O C,H;COONH |. 0-17 21 + 
94C48 — CH;0 C,H,COONH 0-35 14-2 on 
659C47 C,H,;,COONH C,H,;,COONH oo 0-7 40-5 ih 1 
403C46 = C,H,COONH NH, 6 73-5 + | 
555C46 — C;H,;COONH C,H,COONH 1-5 27-5 + 








hose 
heir 
enyl 

the 





PHENANTHRIDINE COMPOUNDS 269 


TABLE VIII 
TOXICITY AND ANTIBACTERIAL ACTIVITY OF 9-BENZOYL PHENANTHRIDINES 


pti gy 











\C=N/ 
/ 10 
CO 
/—Y 
‘ . _ Inhibiting 
Code Substituents in Positions Concentration for LDS50 In vivo 
No. Str. pyogenes mg./kg. (i.v.) Activity 
7 | 4 | 10 mg. % (w/v) 
167C47 NH, NH, CH,Br 3 11-5 - 
90C47 NH, NO, CH,Cl 0-7 17 - 
166C47 C,H;COONH NH, CH,Cl 6 — -- 
88C47 C,H;COONH NO, CH,Cl 12 56 — 

















quaternized by dimethyl sulphate. Here also, as 
in Table V, the nitrophenyl compounds are slightly 
less active than their amino analogues. 

In the benzylphenanthridines, depicted in 
Table VII, amino groups again increase activity 
and the 7-carbethoxyamino group lowers toxicity. 
Compounds 43C46, 297C46, and 658C46 form a 
series in which toxicity increases with increasing 
chain-length of the substituent in the benzyl group. 
Compounds 658C46, 149C48, 656C46, 34C48, and 
555C46 form a series of p-carbethoxyamino- 
phenanthridines in which the substituent in posi- 
tion 7 ranges from H through hydroxyl, amino, 
methoxy to carbethoxyamino, with 7-methoxy 
having the greatest activity. The toxicity, how- 
ever, is variable. 

The few benzoyl phenanthridines examined (see 
Table VIII) exhibit only moderate activity which, 
with the toxicity, is increased by an amino group 
at position 7. 


DISCUSSION 


The relation between chemical constitution and 
biological activity in phenanthridine compounds 
has been discussed by Brownlee et al. (1950) and 
in the earlier work of Walls (1945, 1947). Then, 
however, the compounds were being assessed for 
their trypanocidal action and only secondarily for 
their antibacterial activity. The arrangement of 
the data then available, into series showing pro- 
gressive changes in the effects on trypanosomes, 
led Brownlee et al. to consider that “ little correla- 
tion can be found between the chemical structure 
of- these compounds and their antibacterial pro- 
perties.” This is so much at variance with current 
thought that an assessment of the relevant in- 
formation on the antibacterial properties of 
phenanthridine compounds is desirable. 


S 


Walls (1945), considering the effect of chemical 
structure, found that amino-groups other than 
those in the 9-phenyl ring, conferred anti- 
trypanosome activity and that this activity was 
reduced on acetylation. Later he found (1947) 
that the 9-phenyl ring was not essential. An 
O-, m-, OF p-amino group in the 9-phenyl ring, 
however, increased the activity more than the 
corresponding nitro substituent. The 7-dicarbeth- 
oxyamino compounds were less active, and the 
7-acetamido compounds less still, than the 7-amino 
compounds. The toxicity in these two classes 
was also lowered. The 7-carbethoxyamino-9-p- 
acetamidophenyl phenanthridines possessed very 
low activity. 

All these points are exhibited in the anti- 
bacterial studies reported in this paper. There 
are certain divergencies, however, such as in 
Table III, where the 2:7 diamino compounds show 
an increase in antibacterial activity whereas the 
compounds with a single amino group do not; 
the concurrent lowering of toxicity and activity 
by the introduction of the 7-carbethoxyamino sub- 
stituent was not always apparent: in Tables I, 
V, and VI there is no lowering of activity ; in 
Tables II, III, and IV activity, but not toxicity, 
is lowered, and in Table VIII toxicity, but not 
activity, is lowered. 

The effect of different quaternary groups is 
clearly seen in Table III, where the 10-methyl 
group induces the greatest activity of those tried. 
The recent introduction of the next higher homo- 
logue “ethidium bromide” by Watkins and Wolf 
(1952) confirms the activity given by a small 
alkyl group at the 10 position. 

Brownlee et al. (1950) have confirmed and 
extended the conclusion of Walls and provided 
some new theoretical concepts. One of these is 
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that the 9-methyl compounds may be subject to 
metabolic attack by the host to give inactive 
phenanthridone products. However, the 9-methyl 
compounds include some which are highly active 
in vivo against Str. pyogenes infections in mice, 
and their failure in trypanosome infections is 
therefore unlikely to be due to their metabolic 
conversion into phenanthridone products. Again, 
the conversion of a primary amino group to a 
tertiary amino group leads to loss of activity 
in vivo against trypanosomes but not of in vitro 
antibacterial activity. Brownlee et al. (1950) 
suggest a difference in the antibacterial and anti- 
trypanosome mechanisms, but these tertiary amino 
compounds have also lost in vivo activity against 
Str. pyogenes infections. It seems more reason- 
able to assume that metabolic attack in the host 
has led to loss in vivo of anti-trypanosomal and 
of anti-streptococcal activity. 


SUMMARY 


1. A series of 120 phenanthridine compounds 
has been examined for antibacterial activity. 


2. The general conclusions on the effect of 
chemical constitution of phenanthridinium com- 
pounds on their activity against trypanosomes are 
shown to be true for antibacterial activity. 

3. There is no indication that the modes of 
action of the phenanthridine compounds on 
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trypanosomes and bacteria are fundamentally 
different. 


This work has involved collaboration with many 
colleagues in the Wellcome Research Laboratories. We 
are indebted particularly to Drs. L. P. Walls, G. Brownlee, 
J. W. Trevan, and D. W. Adamson, and to the Wellcome 
Foundation for permission to publish the experimental 
data. 
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THE EFFECT OF PAS ON THE DISTRIBUTION OF 
SULPHETRONE AFTER SIMULTANEOUS 
ADMINISTRATION OF THE DRUGS 


BY 


EILEEN I. SHORT 
From the Wellcome Research Laboratories, Biological Division, Beckenham, Kent 


(RECEIVED DECEMBER 21, 1953) 


During experiments on the combined use of PAS 
and sulphetrone in mice, blood concentrations of 
sulphetrone after oral administration of the two 
drugs together were higher than after sulphetrone 
alone. A study of this effect, and of its bearing on 
the toxicity of sulphetrone, has been made in mice, 
rabbits, and dogs, and possible explanations have 
been considered. 

It seemed that the most probable ways in which 
the PAS could cause more sulphetrone to be present 
in the blood stream were: 


1. By increasing absorption from the gut. 

2. By reducing excretion of the drug. 

3. By diminishing the affinity of the drug for 
protein and preventing its storage in the body. 


These points have been investigated by admin- 
istering sulphetrone alone and with PAS, and 
comparing the blood concentrations after oral and 
parenteral administration, the urinary and biliary 
excretion, the distribution in the tissues, and the 
degree of binding to serum proteins in vitro. 


METHODS 
Estimation of the Drugs 


Sulphetrone was estimated by a modification of the 
method introduced by Bratton and Marshall (1939) for 
the estimation of sulphonamides. An aliquot of a 
suitably prepared blood filtrate, tissue extract, or urine 
dilution is diazotized by the addition of sodium nitrite, 
and the resulting diazonium compound is coupled with 
N-(1-naphthyl)-ethylenediamine hydrochloride after des- 
truction of the excess nitrite with ammonium sulphamate. 
Sulphetrone tends to be adsorbed by denatured protein, 
and the optimum conditions determined experimentally 
by Brownlee, Green, and Woodbine (1948) must be 
rigidly adhered to. Since the method is dependent on 
the diazonium reaction of free aromatic amino groups, it 
does not distinguish between the intact molecule, hydroly- 
tic products—such as diaminodiphenylsulphone and 
‘“*semi-sulphetrone’’ (4-y-phenyl-n-propylamino - 4’ - 
aminodiphenylsulphone-ay-disodium §sulphonate)—or 
other metabolites containing an amino group. The drug 


concentrations given include such metabolites, expressed 
in terms of sulphetrone. 

The two drugs were estimated in the presence of each 
other by determining the total concentration, in terms 
of sulphetrone, by the diazonium reaction and the 
amount of PAS by the reaction with p-dimethylamino- 
benzaldehyde. A correction for the contribution of 
PAS to the total diazonium reaction can then be cal- 
culated and the sulphetrone concentration obtained by 
difference (Short, 1951). That PAS does not affect the 
amount of colour produced by sulphetrone in the 
diazonium method and that sulphetrone does not affect 
the estimation of PAS by p-dimethylaminobenzaldehyde 
is shown by the excellent recoveries of both drugs 
obtained from in vitro estimations (Short, 1951). Thus 
there is little doubt that the raised sulphetrone blood 
concentration observed when the two drugs are given 
together is not due to some anomaly in the estimations 
but to some effect of the PAS in vivo. 

Throughout the investigation PAS was used as the 
sodium salt, but doses and concentrations are expressed 
in terms of the free acid. 


Determination of Blood Concentrations 


Mice.—Groups of 18 mice each weighing about 20 g. 
were used. The drugs were administered orally by 
stomach tube, as suspensions in acacia, in doses of 
0.625 g./kg. of each drug, and parenterally as solutions 
in doses of 0.25 g./kg. The blood concentration in 
pooled tail blood was determined at 0, 4, 1, 2, 3, 44, and 
6 hr. 

Rabbits —Young male rabbits, weighing 2-3 kg., 
were given the drugs in suspension or solution by stomach 
tube or parenterally, in doses of 0.5 g./kg. of each drug. 
Concentrations were determined at intervals on blood 
from the marginal ear vein. 


Dogs.—Blood concentration-time curves were con- 
structed from values in seven dogs after oral administra- 
tion of the drugs by stomach tube. The dogs were first 
given sulphetrone (0.2 g./kg.), and then, after two weeks, 
PAS and sulphetrone, each in doses of 0.2 g./kg. Blood 
was withdrawn from the saphenous vein at 0, 4, 1, 2, 3, 
44, 6, and 24 hr. and analysed. 

Similar cross-over tests on two dogs were used to 
determine blood concentrations after parenteral admin- 
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‘ istration. The animals were first given sulphetrone 
(0.2 g./kg.) by intravenous or intraperitoneal injection of 
the aqueous solution, and blood concentrations were 
determined at intervals. After two weeks the combined 
drugs were administered, PAS (0.2 g./kg.) by stomach 
tube and, 10 min. later, sulphetrone (0.2 g./kg.) intra- 
venously or intraperitoneally. Blood concentrations 
were determined as before. Because of its sparing 
solubility, it was not practicable to administer PAS 
parenterally at the doses employed, but—since it appears 
in the blood stream within 5 min. of oral administration 
and since peak levels are rapidly reached (4-1 hr.)—a 
similar effect was obtained by giving it, orally, shortly 
before the parenteral dose of sulphetrone. 


Determination of Excretion Rate 


Urinary excretion was determined in rabbits and dogs. 
Because of the fairly wide variation in individual animals, 
cross-over tests on pairs of animals were used, the 
animals which were given sulphetrone alone being given 
combined sulphetrone and PAS a fortnight later, and 
vice versa. The doses used were the same as those for 
the determination of blood concentrations; the animals 
were hydrated before the experiment with 25 ml. water/kg. 
(rabbits) or 10 ml./kg. (dogs). Urine was withdrawn by 
catheter at 0, 1, 2, 4, 6, and 24 hr. and analysed. 

Biliary excretion was measured in dogs (0.2 g./kg. of 
each drug) and rabbits (0.5 g./kg. of each drug) by 
cannulating the common bile duct under pentobarbitone 
anaesthesia. The bile was collected and its drug content 
estimated hourly for 6 hr. 


Concentrations of the Drugs in Tissues 


To study the distribution of the drugs in tissues, groups 
of six mice were given 0.625 g./kg. of sulphetrone or 
0.625 g./kg. each of PAS and sulphetrone by mouth or 
0.25 g./kg. by subcutaneous or intraperitoneal injection. 
The animals were killed 6 hr. after dosing, the tissues 
removed, pooled, and weighed, and the amount of drug 
estimated in lung, liver, kidney, spleen, heart, brain, 
gastro-intestinal tract, muscle, bone, and skin. 


Binding of the Drugs to Serum Proteins 


The most satisfactory method of studying the protein 
binding in vitro was a modification of the ultrafiltration 
method of Boxer, Jelinek, and Edison (1949). Possibly 
because it is present in solution as colloidal aggregates, 
sulphetrone does not pass through an ordinary cellophane 
membrane. Experiments with artificial membranes of 
varying pore-size, prepared from polyvinyl acetate or 
collodion, showed that the most satisfactory one was that 
obtained with a solution of 10° collodion in ether. 
The bags were prepared by pouring the solution into a 
1.5 < 5 cm. tube and pouring it out again so that a thin 
film was left over the inside walls. The tube was rolled 
continuously for 5 min., to spread the film evenly and 
to allow the ether to evaporate. It was then filled with 
cold water to set the collodion film and to fix the pore 
size. After 5 min. the water was poured off and the 
membrane allowed to become almost dry before removing 
it from the tube. 10 ml. of a solution of the drugs in 
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water or serum was placed inside the bag, which was 
then sealed by twisting the top and applying a pair of 
hot forceps. The bag was placed inside a 3 cm. centri- 
fuge tube containing 10 ml. water, centrifuged for 10 min. 
and the concentration of drug inside and outside the 
bag determined. A correction for the volume of water 
passing through the bag was made by running a blank 
experiment with 10 ml. of water or serum in the bag and 
10 ml. of water outside and measuring the increase in 
volume of the water in the centrifuge tube. The strengths 
of the solutions used were: sulphetrone 10 mg./100 ml. 
and PAS 20 mg./100 ml. together or separately. 


RESULTS AND DISCUSSION 


Blood Concentrations 

Sulphetrone is only slowly absorbed after oral 
administration; it appears in the blood stream in 
fairly low concentration within half an hour and is 
maintained at about the same concentration for at 
least 6 hr. Small amounts are still present after 
24 hr. A typical mean blood concentration-time 
curve after oral administration of 0.625 g./kg. to 
mice is given in Fig. 1. 

When PAS, in equal dosage, was administered 
simultaneously, a three- to four-fold increase in 
sulphetrone concentration was obtained within half 
to one hour; the concentration then gradually fell 
until at 6 hr. it differed little from that produced by 
the same dose of sulphetrone alone. This increase 
in sulphetrone concentration closely parallels the 
PAS concentration in the blood (Fig. 2). 

Similar results were obtained in rabbits (Fig. 3) 
and in dogs (Fig. 5). The highest increase in 
concentration again corresponded approximately to 
the highest PAS blood concentration (Figs. 4 and 6). 
The combined administration of the two drugs had 


little effect on PAS blood concentrations. The 
effect on the sulphetrone concentration lasts 
longer in dogs than in mice and rabbits. This may 


be because the PAS concentration falls less rapidly 
in dogs (Fig. 6). 

Typical sulphetrone blood concentration-time 
curves after intraperitoneal and subcutaneous injec- 
tion of 0.25 g./kg. of the drug to mice are also 
included in Fig. 1. Peak concentrations were 
obtained at 3 hr. with a fairly rapid fall in 2 to 3 hr. 
followed by a more gradual drop to 6 hr., when 
only a very low concentration remained. Again, 
higher concentrations were obtained when an equal 
dose of PAS was given with the sulphetrone, but 
the effect was less than when the drugs were given 
orally, the- maximum sulphetrone concentration 
being only one and a half to twice that obtained 
when sulphetrone was given alone. The effect 
lasted for about three hours and closely paralleled 
the PAS blood concentration (Fig. 2). 
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Fic. 1.—Sulphetrone blood concn.-time 140F a 
curves in mice. Each curve is the eo" 
mean determination on three groups ' es 
of 18 fasting mice. ——~ after sulphe- ' ‘ % 
trone alone, ---—- after combined 12.0F ‘ ‘ 


sulphetrone and PAS in equal 
doses. A, 0.625 g./kg. by mouth, 
B, 0.25 g./kg. by intraperitoneal 
injection, C, 0.25 g./kg. by sub- 
cutaneous injection. 
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Fic. 2.—PAS blood concn.-time curves 
in mice. Each curve is the mean 
determination on three groups of 
18 fasting mice. ——-after PAS 
alone, --—--— after combined PAS 
and sulphetrone. A, after oral 
dosage, 0.625 g./kg. of each drug, 
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In rabbits, at the dose employed (0.5 g./kg.), the 
effect was not so marked, possibly because of the 
high sulphetrone concentrations which were ob- 
tained initially. When this initial high concen- 
tration had fallen, however, increases of sulphetrone 
concentration of 15-25% after intraperitoneal 
injection and 25-30% after subcutaneous injection 
were maintained for 44 hr. when the two drugs were 
given simultaneously. These concentrations corre- 
sponded with the PAS blood concentration, falling 
off as the PAS concentration decreased (Fig. 4). 

In dogs the effect was studied after a PAS blood 
concentration had been established by giving the 
drug by mouth, and similar results were obtained 
after both intravenous and intraperitoneal injections 
of sulphetrone (0.2 g./kg.). Both methods of 
administration gave an increase of 20-40% in 
sulphetrone concentration over that after giving 
sulphetrone alone, and this was maintained for at 
least 6 hr. (Fig. 5). The concentration of sulphe- 


B, after intraperitoneal injection, 
and C, after subcutaneous injection, 
0.25 g./kg. of each drug. 


trone at 24 hr., when the PAS blood concentration 
was insignificant, did not differ from that with 
sulphetrone alone. 

The fact that the sulphetrone blood concentration 
is increased to a greater extent when the two drugs 
are given by mouth than when they are given 
parenterally indicates that some increased absorp- 
tion from the gut must occur, although, since there 
is some effect with parenteral administration, this 
cannot be the complete explanation. Since the 
difference after oral administration is observed 
within half an hour, the increased absorption 
cannot result from delayed passage of the drug 
to the caecum. A _ possible explanation is that, 
because of its preferential combination with protein 
which is described later, PAS may free sulphetrone 
from combination with substances of high molecular 
weight within the intestine and thus make it available 
for absorption in larger amounts. 
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curves in rabbits. Each curve is 60 
the mean determination on six fast- 
ing rabbits. —— after sulphetrone 
alone, 0.5 g./kg., and ---- after 50 


combined sulphetrone and PAS, 
0.5 g./kg. of each drug. A, by 
mouth, B, by intraperitoneal injec- 
tion, C, by subcutaneous injection. 
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Fic. 4.—PAS blood concn.-time curves 
in rabbits. Each curve is the mean 
determination on 6 fasting rabbits. 
Dose: 0.5 g./kg. of each drug. A, 
combined PAS and _ sulphetrone 
by mouth, B, combined PAS and 
sulphetrone by intraperitoneal injec- 





Time in hours 


Excretion of the Drugs 


There was little difference in the total urinary 
excretion of sulphetrone in rabbits in the first 24 hr., 
whether the drug was given alone or with PAS, 
but the excretion at 1, 2, and 4 hr. was two and a 
half times greater when PAS was given (Fig. 7A), 
reflecting the higher blood concentrations which 
were obtained. In dogs, where the higher sulphe- 
trone blood levels were maintained for a longer 
period, the increase in urinary excretion was more 
marked (Fig. 8A) and the total urinary excretion in 
the first 24 hr. was about four times greater when 
the two drugs were given together than when 
sulphetrone was given alone. 

The urinary excretion after parenteral administra- 
tion of the combined drugs also showed an increase 
corresponding to the higher blood levels. Increases 
of 25-30% after intraperitoneal and subcutaneous 
injection were found in rabbits (Fig. 7B and C) at 
times corresponding to similar increases in blood 
concentrations. In dogs, urinary excretion was 
increased by 20-40% after intraperitoneal injection 
(Fig. 8B), the differences at various periods during 
the first 24 hr. again being similar to the differences 


24 tion, and C, by subcutaneous injec- 
tion, D, PAS alone by mouth. 


in blood concentrations. After intravenous injec- 
tion of sulphetrone in dogs as much as 92% appeared 
in the urine in the first 24 hr., and, because of this 
high excretion rate, the effect of PAS on the urinary 
excretion was less clear-cut. That there was, 
however, some increase in sulphetrone excretion 
when the drug was injected after establishing a 
PAS blood concentration was apparent at periods 
during the first 24 hr., and the total excretion was 
increased to 96% of the dose (Fig. 8C). 


Only small amounts of sulphetrone were excreted 
in the bile in rabbits and dogs, and this excretion 
was increased by simultaneous administration of 
PAS. Estimation of the hourly excretion in the 
bile for 6 hr. showed that a three- to four-fold 
increase in biliary excretion was consistently found 
in the rabbit (Fig. 7D) and that the effect was 
somewhat greater in the dog (Fig. 8D). 


The consistent increase in excretion after com- 
bined administration of the drugs by all routes 
clearly establishes that the higher sulphetrone blood 
concentrations obtained cannot result from competi- 
tive renal elimination or blockage of any other 
excretion route since, if this occurred, the excretion 








ee — a ae 





PAS AND SULPHETRONE 275 


40 

Fic. 5.—Sulphetrone blood concn.-time 
curves in dogs. after sulphe- 
trone alone, —-—--— after combined 
PAS and sulphetrone. Curves Ajare 
mean determinations on 7 dogs 
given first sulphetrone, 0.2 g./kg. 
by mouth, and then, after 2 weeks, 
PAS and sulphetrone, 0.2 g./kg. of 
each drug. Curves B and C repre- 
sent similar cross-over tests, each 
on two dogs given 0.2 g./kg. sulphe- 
trone first alone and then with 0.2 g./ 
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Fic. 6.—PAS blood concn.-time curves 
in dogs. A, oral PAS with oral 
sulphetrone, B, oral PAS with 
intraperitoneal sulphetrone, C, oral 
PAS with intravenous sulphetrone, 
D, oral PAS, 0.2 g./kg. of each 
drug. A and B are the mean 
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would decrease rather than increase. Furthermore, 
the differences in excretion rate correspond more or 
less closely with the differences in blood concen- 
tration, suggesting a corresponding increase in 
glomerular filtration rate. 


Protein Binding and Tissue Distribution 


Way, Smith, Howie, Weiss, and Swanson (1948) 
demonstrated the binding of PAS to plasma protein 
both in vivo and in vitro. Binding occurs to the 
extent of 50-60% with plasma concentrations of 
4-10 mg./100 ml. in vivo and in vitro, and with 3.5% 
crystalline bovine albumin containing 5, 10, and 
50 mg./100 ml. to the extent of 70, 60, and 50% 
respectively. The difficulties encountered in freeing 
sulphetrone from protein in the estimation of the 
drug suggest that it also has an affinity for protein 
and that it might be stored in organs by attachment 
to tissue protein. The increased sulphetrone blood 
concentration obtained when the two drugs are given 
together might then be due to a competitive action 
of the PAS, resulting in its preferential attachment 


24 determinations on 7 dogs and C 
and D on two dogs. 


to the tissue protein concerned with storage of the 
drugs. This possibility was studied by determining 
the in vitro serum binding of both drugs, separately 
and together, by ultrafiltration of solutions in horse 
serum through a collodion membrane and by esti- 
mating the concentration of the drugs in the tissues 
after oral and parenteral administration. 

The results of the ultrafiltration experiments are 
given in Table I. For purposes of comparison, to 


TABLE I 


ULTRAFILTRATION OF SULPHETRONE (10 MG./100 ML.) 
AND PAS (20 MG./100 ML.) FROM HORSE SERUM AND 
WATER THROUGH A COLLODION MEMBRANE 


(The results, expressed as percentages of theoretical amounts of drug 
in the ultrafiltrate when no protein binding occurs, are the means 
of six experiments in each case) 








Mean Serum Mean Water 
Drug Solution % in % in 
Estimated in Bag nes tae mers tae 
Sulphetrone Sulphetrone alone 12:9+0-33 101-6+0-31 
sa .. | Sulphetrone+PAS | 25-2+0-90 103-2+0-90 
PAS PAS alone 14-4+0-32 102-:0+0-34 
va PAS +sulphetrone 18-1 +0-62 101-6 0-60 




















a 
oO 
_— 


uw 
oO 
T 


WN 


> 
oO 
T 


Ww 
oO 
T 
od 
oO 


| | 


SQW 





% Dose excreted after 1, 2, 3, 4, 5, and 6 he 











% Dose excreted after 1, 2, 4, 6, and 24 hr 














20+ | 20+ 
10+ Y 1-04 
Uy 
tA |G 
A B c D 


Fic. 7.—Excretion of sulphetrone in urine and bile in rabbits after 
sulphetrone alone 0.5 g./kg. (open) and combined sulphetrone 
and PAS, 0.5 g./kg. of each drug (cross-hatch). The urinary 
excretion is the mean 24-hr. excretion in cross-over tests on six 
rabbits. The biliary excretion is the mean 6-hr. excretion on 
three rabbits. Urinary excretion after: A, oral dosage, B, intra- 
peritoneal injection, and C, subcutaneous injection. D, biliary 
excretion after oral dosage. 

establish the accuracy of the method, and to ensure 

that the membrane was completely permeable to 

the drugs, parallel experiments using solutions in 
distilled water were performed simultaneously. 

Ultrafiltration through the membrane was complete 

when aqueous solutions were used, the theoretical 

amount of drug being present in the ultrafiltrate 
both from separate solutions of the drugs and the 
mixed solution, the possibility of adsorption of some 
of the drugs on to the membrane thus being excluded. 

Only 14.4% of the theoretical amount of PAS 

diffused through the membrane from a solution of 

the drug in horse serum, corresponding to 85.6% 

protein binding, a figure somewhat higher than that 

obtained by Way ef al. using 3.5°%% bovine albumin. 

Protein binding of sulphetrone was found to occur 

to about the same extent: 12.9% of the theoretical 

amount of drug passed through the membrane, 
corresponding to 87.1% protein binding. A con- 
siderable increase in the amount of sulphetrone in 
the ultrafiltrate occurred with mixtures of the two 
drugs; the percentage of the theoretical figure 
passing through the membrane was double that 

obtained with sulphetrone alone. PAS showed a 

smaller but significant increase. 

This reduced binding of PAS and sulphetrone 
when both are present suggests competition between 
the two drugs for a limited number of protein 
receptors with the balance in favour of PAS. Thus 
the increased sulphetrone blood concentrations 
obtained when the two drugs are given together 
could be explained by decreased formation of 
sulphetrone-protein complexes resulting in a reduc- 
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tion in the amount bound by the tissues. Con- 
firmation was obtained from tissue distribution 
studies in mice. 

Table II gives the distribution of sulphetrone in 
mice, 6 hr. after administration of the drugs. Very 
little difference was found between oral and paren- 
teral dosage, except for the larger amounts present 
in the gastro-intestinal tract, presumably due to 
unabsorbed drug, in the former experiment. The 
results indicate that storage of the drug occurs 
mainly in the liver, since, apart from the gastro- 
intestinal tract, the highest concentration was 
obtained in the liver, with the kidney and spleen 
next, but with values only about half the liver 
concentration. Appreciable amounts were present 
in lung and skin, and only negligible amounts in 
the other organs. When the drug was given with 
PAS, a reduction in tissue concentrations occurred 
in accordance with the increased excretion. This 
decrease was most marked in the liver, the concen- 
tration differing little from that in the spleen and 
the kidney. 

These results appear to establish that the increased 
sulphetrone blood concentrations obtained when 
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Fic. 8.—Excretion of sulphetrone in urine and bile in dogs after 
sulphetrone alone (open) and combined sulphetrone and PAS 
(cross-hatch). A represents the mean 24-hr. excretion in seven 
dogs given first sulphetrone, 0.2 g./kg. by mouth, and then, after 
2 weeks, PAS and sulphetrone 0.2 g./kg. of each drug, B and C 
represent the mean 24-hr. urinary excretion in a similar cross- 
over test in two dogs given ‘0.2 g./kg. sulphetrone by intraperi- 
toneal and intravenous injection respectively, first alone and then 
after 2 weeks, with 0.2 g./kg. oral PAS. D represents the mean 
6-hr. excretion from the bile in two dogs after oral administration 
of 0.2 g./kg. of each drug. 
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TABLE II 
DISTRIBUTION OF SULPHETRONE IN MICE, 6 HR. AFTER ADMINISTRATION OF THE DRUG, ALONE AND WITH PAS 
(The results are the means+S.E. of determinations on groups each of six mice) 





Concentration of Sulphetrone (mg.;100 g.) 6 Hr. after Administration of the Drugs 















































Method 
of : 
Admin- , , Skin 
istration Lung Liver Kidney Spleen Heart Brain | G.I. Tract | Muscle Bone Blood 
Inj. Site | Remote 

After Oral Administration 0-625 g./kg. 
Alone .. | 3-6+0-2 |13-0+ 1-64 P5041: -64| 8-3+3-12| 2-6+0-25| 1-8+0-38] 253+ 8-87) 1840-3 | 2610-4 4:9+0-88 1-4+0-11 
With PAS | 1-9+0-25] 4-2+.0-17| 2:2+0-19] 3-2+2-13] 1-2+0-24) 0-9+0-22) 109+ 8-52/ 0-8+0-04] 1-1+0-19 1-2+0-13 2:0+0-16 
After Intraperitoneal Injection 0-25 5% kg. 
Alone . 2-4+.0-69]20-3+8-6 | 5-8+ 1-38] 8-143-05] 1-8+0-93] 0-6+0-36] 104+21-3 | 1-9+0-82] 2-6+1-7 | 9-30-53] 2-4+40-35] 0-5+0-26 
With PAS | 1-50-24 4-7+1-02) 4-8+1-55| 4-7+2-7 | 0-4+0-26] 1-3+.1-04/51-8+ 16-3 | 3-2+1-98] 1-2+0-32]10-7+0-36] 1-6+0-6 | 0-5+0-19 
After ween 8 Injection 0-25 g. kg g. 
Alone... | 3-141-15|11-8+2-46) 6-8+1-8 | 6-442-91| 1-3+0-66) 0-8+0-43) 79+16-3 | 1-7+1-07] 1-9+0-61| 3-4+0-4 | 2-4+0-49] 0-7+0-23 
With PAS | 2:3+0- 63 4-8+ 1-09] 3-94.0-96] 2-7+0-84] 1-4+0-42| 1-640-59]41-1+ 9-2 | 1940-85] 1-4+0-93] 3-2+0-93] 2-9+0-98] 0-90-13 








the drug is given either orally or parenterally with 
PAS are due to the prevention of storage of sulphe- 
trone in the tissues, chiefly in the liver, because of 
competitive combination of PAS with the liver 
protein. The fact that the effect is most marked 
during the first 2 to 3 hr. after administration, when 
the PAS concentration is at its highest, and dimin- 
ishes as the PAS is eliminated, supports this. The 
findings of Way et al., who showed that high 
concentrations of PAS are attained in the liver 
15 min. after intravenous administration to rats, 
with subsequent fairly rapid fall in concentration, 
practically no PAS being detected at four hours, 
adds confirmatory evidence. 

In addition some increase in absorption of 
sulphetrone occurs after oral administration, result- 
ing in a still greater increase in the blood concen- 
tration of sulphetrone than occurs after parenteral 
administration. This, again, may be because PAS 
prevents the formation of sulphetrone-protein com- 
plexes within the intestine, thus making more drug 
available for absorption. 


The Influence of PAS on the Side Effects Produced 
by Sulphetrone 


Although sulphetrone produces no acute toxic 
effects in man or experimental animals when given 
by mouth or parenterally, side effects have been 
observed when the sulphetrone concentration in 
the blood rises above certain values. 

Administration of a single large dose (1 g./kg.) 
of sulphetrone either by mouth or by intraperitoneal 
injection to dogs and rabbits generally causes a rise 
in the alkali reserve as measured by the plasma 
CO.-combining capacity, although tests made on 
rabbits given sulphetrone for long periods showed 
the animals to be capable of establishing a plasma- 
alkali balance. A similar equilibrium is established 
in man (Brownlee, 1948) and no significant change 
in the CO.-capacity of the plasma is observed after 
protracted treatment with sulphetrone. 


After a few weeks of treatment, the blood of man 
and animals containing therapeutic concentrations 
of sulphetrone is usually dark brown. The pigment 
has been identified as methaemoglobin. Calcula- 
tion from the O,-carrying capacity of the blood 
shows that the amount of methaemoglobin repre- 
sents about 4-12% of the total haemoglobin. 

It seemed of interest to see if PAS had any 
influence on these effects, especially as the sulphe- 
trone blood concentrations attained when the two 
drugs are given together are higher than those given 
by sulphetrone alone. 


Plasma CO.-combining Capacity 


Three dogs were each given a single oral dose of 
sulphetrone (0.75 g./kg.), a second group of three 
animals the same dose of PAS and a third group a 
mixture of the two drugs (0.75 g./kg. of each). At 
intervals, blood was withdrawn from the saphenous 
vein into a _ heparinized syringe, immediately 
centrifuged under paraffin, and the CO.-combining 
capacity determined by the manometric method of 
Peters and Van Slyke (1932). 

The results are given in Table III. An increasing 
trend in the alkali reserve was shown in all three 


TABLE III 


EFFECT OF SULPHETRONE AND PAS ON PLASMA CO,- 
COMBINING CAPACITY IN DOGS 


(The results are the means of determinations on three dogs in each 
expt. Dose of each drug, 0.75 g./kg. a=sulphetrone concn. (mg. 
100 ml.) in blood, b=PAS concn. (mg./100 ml.) in blood, c=vol. 
co, plasma-combining a. * PAS given in divided doses at 

















0 and 34 hr.) 
Time After Dosage 
Drug 
0 hr. 1 hr. 2 hr. 4hr. 6hr. | 24 hr. 
Sulphetrone| a} 0 | 24] 30] 43 | 3:3] 21 
alone c 50-9 54-1 54-6 56-2 57-3 52:1 
PAS alone b 0 45-5 28-9 16-7 11-4 3-1 
c 52:2 47-0 51-2 52:1 52-4 51-7 
Sulphetrone | a 0 10-8 13-4 15-9 15-4 4-1 
+PAS* b 0 25-0 27:0 25:7 23-8 3-7 
c 55°5 56:2 55-5 57:1 58-3 59-3 
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dogs given sulphetrone alone, the plasma CO,- 
combining capacity showing some increase at the 
first hour in two animals and at the second hour in 
the third. The effect persisted for at least 6 hr., 
but 24 hr. after dosage the values did not differ 
significantly from the original figure. 

PAS caused a consistent fall in the plasma 
CO.-capacity at one hour after treatment; the value 
had risen again by the second hour and thereafter 
showed no significant variation throughout the 
period of test. This fall in alkali reserve caused by 
PAS was consistently eliminated when the two drugs 
were given together, but in two out of the three 
experiments some increase in the CO,.-capacity was 
shown from the fourth hour. Thus it seems that 
initially the two drugs act in a compensatory 
manner, cancelling the opposite effects on the 
plasma CO.-combining capacity; but, as the PAS 
is eliminated, the delayed effect of the sulphetrone 
becomes apparent. 


Measurement of Methaemoglobinaemia 


Because of the reported variation in sensitivity of 
different species to the action of aromatic amines 
in producing methaemoglobinaemia (Spicer, 1950), 
preliminary observations were made on guinea-pigs, 
rabbits, and dogs to determine the most suitable 
animals for measurement of the effect of PAS on 
the methaemoglobinaemia induced by sulphetrone. 
Guinea-pigs were found to be the most susceptible 
animals, and methaemoglobin could be detected in 
their blood within two weeks of their being fed on 
a diet containing sulphetrone resulting in an average 
daily intake of drug of 200 mg./kg. or more. No 
methaemoglobin was found in blood samples from 
rabbits or dogs given a corresponding dose of 
sulphetrone for the same period. 

Three groups of guinea-pigs, each consisting of 
three animals, were fed on Coward’s diet containing 
respectively 3°% sulphetrone, 6% PAS and a mixture 
of 3% sulphetrone and 6% PAS. The average 
daily intake of sulphetrone in animals weighing 
400-500 g. was 2.0 g. The animals fed on diets 
containing PAS ate less than the other groups, so, 
in a second experiment, the concentrations of both 
drugs in the diets were reduced to half. The diet 
was supplemented with 50 g. greenstuff daily. The 
relative percentage of methaemoglobin to total 
haemoglobin was determined by comparing the 
extinction coefficient of the sample with the extinc- 
tion coefficient after conversion of the pigment to 
100% methaemoglobin, as described by Vandenbelt, 
Pfeiffer, Kaiser, and Sibert (1944). Table IV shows 
that PAS does not prevent the production of 
methaemoglobin although the degree of methaemo- 
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TABLE IV 


INFLUENCE OF PAS ON METHAEMOGLOBINAEMIA 
CAUSED BY SULPHETRONE IN GUINEA-PIGS 


The results are the means of determinations on groups of three 
animals. a=% gain in weight, b=drug concn. (mg./100 ml.) in the 





























blood, c=% methaemoglobin. 
Drug and % Weeks After Commencing Treatment 
in Diet > 3 4 5 
Sulphetrone 3% .. a 117:8 133-7 140-4 144-3 
b 3-2 3-8 3-8 0 * 
c 19-3 24-1 15-7 0 
PAS 6% a 110-0 110-7 113-2 116-1 
b 3-7 5-1 4:7 0 * 
¢ 0 0 0 0 
Sulphetrone 3% + a 108-5 114-0 114-7 117-0 
PAS 6% b | 8-85, 5-5 S, 6-1 S, 0 * 
6-4 PAS| 4:2PAS} 6:2PAS 
c 16:4 21-5 21-1 0 
Sulphetrone 1-:5% a 111-3 113-4 116-3 120-8 
b 2°5 2:8 1-7 2:7 
c 6°5 14-5 7-0 9-9 
Sulphetrone 1-:5% + a 111-1 108-8 114-4 122-3 
PAS 3% b | 4-75, 5-1 S, 3-9 S, 4-75, 
2:1PAS| 3-9PAS} 2-8PAS/} 2-3PAS 
c 9-4 14-8 71 13-0 
Controls .. a a 126-5 133-7 140-7 150-5 
c 0-04 0-14 0-37 0 




















* Drug discontinued after fourth week of treatment. 


globinaemia is no greater in the animals given the 
combined drugs, in spite of the increased sulphe- 
trone blood concentrations. Methaemoglobin dis- 
appears from the blood stream within a week of 
discontinuing the drugs. The group receiving 
sulphetrone alone showed a normal gain in weight 
as compared with the controls. The smaller weight 
increase shown by group B in the first experiment 
resulted from a decreased food consumption owing 
to the taste of the PAS; when the concentration of 
the latter was reduced in the second experiment, the 
weight gain was very similar in both groups. Thus 
it seems that, while PAS does not abolish the side 
effects produced by sulphetrone, it does not aggra- 
vate them, even though the concentration of 
sulphetrone in the blood is increased. 

The finding that one drug may influence the 
absorption and blood concentration of another may 
prove of some interest in view of the now well 
accepted concept of combined chemotherapy in the 
treatment of those infections where bacterial 
resistance tends to develop. PAS is frequently 
prescribed with isoniazid or streptomycin or both, 
and protein binding occurs with therapeutic con- 
centrations of streptomycin to the extent of 30% . 
(Boxer et al., 1949). Thus the results reported 
here may have a wider applicability both in these 
specific applications and possibly in others involving 
the simultaneous administration of two drugs. 
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SUMMARY 


1. Combined oral administration of PAS and 
sulphetrone to mice, rabbits, and dogs produces a 
three- to four-fold increase in sulphetrone concen- 
tration in the blood compared with that produced 
by the same dose of sulphetrone alone. 

2. The effect is only partly due to increased 
absorption from the gut, since a similar but smaller 
effect is produced when the drugs are given 
parenterally. 

3. Both biliary and urinary excretion of sulphe- 
trone is increased when the drug is given together 
with PAS, the increased excretion reflecting the 
increase in blood concentrations. 

4. Sulphetrone and PAS are bound to plasma 
proteins to about the same extent, the degree of 
protein binding in vitro being 87.1% and 85.6% 
respectively. These values are reduced to 74.8% 
and 81.9% when both drugs are present and the 
concentration of PAS is double that of sulphetrone. 

5. Tissue distribution studies in mice, 6 hr. after 
dosage, show that the highest concentrations of 
sulphetrone are in the gastro-intestinal tract and in 
the liver, with spleen and kidney next. Concen- 
trations of the drug in all the tissues are considerably 
reduced by simultaneous administration of PAS. 

6. The raised sulphetrone blood concentrations 
obtained when the drug is administered together 
with PAS appear to result from competition of the 


two compounds for a limited number of protein 
receptors, and the consequent prevention of storage 
of sulphetrone in the tissues, particularly in the 
liver. Some increased absorption from the gut also 
occurs after oral dosage. 

7. Combined dosage of the two drugs does not 
prevent the appearance of side effects due to sulphe- 
trone, although the effect on the CO,-combining 
capacity of the plasma is delayed and the degree of 
methaemoglobinaemia is not increased in spite of 
the increased blood concentration. 


I wish to thank Dr. G. Brownlee for his interest in 
this work and M. Green, M. Murray, I. Secker, and 
P. Wostear for valuable technical assistance. 
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EXPERIMENTAL OBSERVATIONS ON HAFFNER’S METHOD 
FOR TESTING ANALGESIC DRUGS 


BY 


CAMILLO BIANCHI ann JOLANDA FRANCESCHINI 
From the Biological Laboratory, Istituto Carlo Erba per Ricerche Terapeutiche, Milan, Italy 


(RECEIVED MARCH 6, 1954) 


Haffner’s (1929) method for testing analgesic 
drugs has been neglected since D’Amour and 
Smith (1941) applied to animals the thermal pain 
stimulus devised by Hardy, Wolff and Goodell 
(1940). Certain objections can, however, be raised 
against the use of a thermal stimulus for testing 
analgesic activity. Thus the response to a pain- 
ful stimulus produced by heat in animals (skin- 
twitch or tail-flick) involves the spinal cord (Cook 
and Bonnycastle, 1951 ; Houde and Wikler, 1951 ; 
Irwin, Houde, Bennett, Hendershot and Seevers, 
1951; Winter and Flataker, 1951; Bonnycastle, 
Cook and Ipsen, 1953; Herr, Nyiri and Venulet, 
1953), whereas in man pain sensation is mediated 
through the thalamus and cortex. It would there- 
fore be obviously desirable to test analgesic drugs 
by a method involving the highest centres. Fur- 
thermore, local temperature of the tail or of the 
skin can modify the reaction to a thermal stimulus: 
analgesic drugs can decrease local temperature 
(Jackson, 1952 ; Winter and Flataker, 1953). The 
apparatus described by D’Amour and Smith (1941) 
is complex and the results quoted by various 
authors are conflicting ; indeed, the estimates of 
activity obtained from quantal or graded responses 
are not identical (Bonnycastle and Leonard, 1950). 

By contrast Haffner’s method is simple, and 
has the advantage that the reflex mechanism on 
which it is based involves the higher centres. The 
animal has to identify exactly the place where 
the noxious stimulus is applied, and it carries out 
co-ordinated movements to remove it. In order to 
test the reliability of Haffner’s method we have 
compared the analgesic power of morphine, pethi- 
dine and methadone evaluated according to Haff- 
ner with the analgesic power of the same drugs 
evaluated according to methods now commonly 
used. 


METHODS 


An artery clip with the branches enclosed in a thin 
rubber tube is applied to the root of the tail of a mouse 
for 30 sec.; the animal makes continuous attempts to 
remove the noxious stimulus by biting the clip. The 
mice are injected subcutaneously or intraperitoneally 


with an analgesic drug, and, after 30 min., the artery 
clip is applied for 30 sec. The results are expressed as 
the percentage of mice showing analgesia— insensitivity 
to the noxious stimulus—after a given dose of analgesic. 
The following drugs were used: morphine hydrochloride, 
pethidine hydrochloride, racemic methadone hydro- 
chloride, /Jaevomethadone bitartrate ([a 7) — 79.6), dextro- 
methadone hydrochloride ({a/?/+125)—all in physio- 
logical saline. 


RESULTS 


In a first group of experiments we have 
examined the intensity of analgesic action. Table 
I shows the results obtained. The doses for all 
compounds are given as the hydrochlorides. A 
linear relation (Fig. 1) was observed between the 
logarithm of the dose and the probit of mice show- 
ing analgesia. The EDSO and its fiducial limits 
were estimated by the method of Litchfield and 
Wilcoxon (1949). The ED50 for morphine in this 
series was 5.7 mg./kg. In another group of 100 
mice the EDS0 of morphine hydrochloride injected 
subcutaneously was 5.8 mg./kg. (with 19/20 fidu- 
cial limits 5.37 and 6.26). This agrees with the 
result quoted in Table I. 

Analgesic action increases significantly when 
morphine, pethidine, (+)- and (—)-methadone 
are injected subcutaneously instead of intra- 
peritoneally. The relative potencies of these 
drugs when given subcutaneously and _ intra- 
peritoneally are shown below. The figures in 
parentheses are the 19/20 fiducial limits. 


morphine 1.36 (1.06—1.74) 
pethidine 1.44 (1.06—1.94) 
(+)-methadone 1.76 (1.32-2.34) 
(—)-methadone 1.61 (1.15—2.23) 


The relative activities of some of these drugs 
are shown in Table II. It will be seen that (+)- 
methadone and (—)-methadone are always more 
active than morphine, whilst pethidine and (+)-s 
methadone are always less active than morphine ; 
(— )-methadone is more active than (+)-methadone. 

In a second group of experiments we studied 
the time course of analgesia. Four groups of 20 
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7F 7 
yD Intraperitoneal Injection Subcutaneous Injection 
© 
° 
i) 10} 
) 
rtery 
d as 
ivity 
esic. 
ride, l ‘=. iL iL 
dro- 5 10 1 
xtro- Log Dose (mg/kg) 
— Fic. 1.—Showing the analgesic activity of various drugs when tested by Haffner’s method in mice 30 min. after 
subcutaneous or intraperitoneal injection. Abscissa, log dose in mg./kg. Ordinate, probits. @, morphine; 
O, pethidine; @, (+)-methadone; ©, (—)-methadone; @, (+)-methadone. 
iis TABLE I TABLE [V 
Vv 
ND TOLERANCE TO ANALGESIC DRUGS. PERCENTAGE OF 
able ANALGESIC ACE uae MICE SHOWING ANALGESIA AFTER DAILY SUBCUTANE- 
- all OUS INJECTIONS WITH DOSES CORRESPONDING TO ED80 
Route of Administration 
A % Analgesia 
D Subcutaneous Intraperitoneal 
the —_ a Drug Before Days from First Dose 
Ow- EDSO No. of EDS0 No. of Treatment 
mits mg./kg Mice mg./kg. Mice 10 22 
an Morphine .. | 5-7 (49-66) | 65 78 (6-4- 9-4) | 80 Physiological saline 0/20 | 0/20 | OVI 
d Pethidine  .. | 21-5 (18-6-24-7) | 80 | 31-0(23-8-40-3) | 80 Morphine 15/20=75% | 11/18=61% | 3/12=25% 
this (+)- Methadone | 2-5 (2-0- 3-0) 15 4-4 (3-6- 5-2) | 110 Pethidine . 14/20=70% 11/20=55%| 9/17= =53% 
100 as ps 1:8 (1-4 2-2) 75 2-9 (2-2- 3-7) | 100 (—)- Methadone 15/20=75% | 16/20= 80% | 3/11=27% 
(ah i 40-0 (30-7-52-0) | 100 36-0 (30-0-43-2) | 100 
cted 
idu- The doses of all drugs are expressed in terms of the hydrochlorides. 
th TABLE V 
e TABLE II ACUTE TOXICITY IN MICE: LD50 AND 19/20 CONFIDENCE 
LIMITS 
h ACTIVITY RATIOS OF ANALGESIC DRUGS BY INTRA- 
nen PERITONEAL AND SUBCUTANEOUS INJECTION ane 
one The figures in parentheses are the 19/20 fiducial limits Route of Administration 
tra- Drug Subcutaneous Intraperitoneal 
Route of Administration 
1ese Drugs LDS50 No. of LDSO No. of 
tra- Intraperitoneal | Subcutaneous mg./kg. Mice mg./kg. Mice 
in (+)-Methadone/ morphine 1:77 (1-36-2-30) | 2-28 (1-75-2-96) Morphine 400 (367-436) 90 |310 (269-5-356-5) | 80 
(> A ea 2-68 (1-95-3-67) | 3-16 (2-46-4-04) Pe Meat , 235 (216-256) 82 |165 (155-6-174-9) | 84 
(+) .. | 0-21 (0-16-0-27) | 0-14 (0-10-0-18) +)- Methadone | 46 (40-52-9) 65 28 (25-2- 31) 100 
Pethidine/morphine .. | 0-25 (0-17-0-34) | 0-26 (0-21-0-31) — os 41-3 (36-2-47-0)| 66 | 32 (29-3- 348)| 80 
(—)-Methadone/( + yr meth- (+)- a 80 (74-86-4) 100 74 (70-4 77-7) | 110 
adone use .. | 1:39 (1-02-1-87) | 1-51 (1-10-2-06) 
The doses of all drugs are expressed in terms of the hydrochlorides. 
TABLE III TABLE VI 
‘ugs DURATION OF ANALGESIC ACTIVITY. PERCENTAGE OF THERAPEUTIC INDEXES: LD50/ED50 
MICE SHOWING ANALGESIA AFTER RECEIVING DOSES 
+)- OF ANALGESIC DRUGS CORRESPONDING TO ED80 ae 
(SUBCUTANEOUS INJECTION) Route of Administration 
jore Drug — 
1). Subcutaneous Intraperitoneal 
+)-s 4Hr. | 1Hr. | 2Hr. | 3Hr. | 4Hr. os 
ne ; Morphine 69-0 39-7 
Physiological saline 0 0 0 0 0 Pethidine = 10-9 5-3 
ne. Morphine se 75 oc 15 0 end (+)-Methadone .. 18-4 6:3 
lied Pethidine ae 70 50 7 5 0 —)- a ei 22-9 11-0 
70 (—)-Methadone .. 75 45 10 5 0 (+)- *” 2:0 2-0 
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TABLE VII 
ANALGESIC ACTIVITY OF DRUGS TESTED BY VARIOUS METHODS IN DIFFERENT SPECIES 
Noxious Animals Route of Equiactive Relative 
Drug Stimulus Used Administration | Analgesic Doses Potency Reference 
Applied (mg./kg.) (Morphine = 1) 
Morphine Pressure Mice S.C. 1-4 Schaumann (1940) 
Pethidine - pe 9» 9-3 0-15 
Morphine Heat Rats i.v. 2-:2+0-13* Davies, Raventos, and Walpole 
i.p. 10-0 (1946) 
Pethidine 1” »» i.v. 4:6+0-59* 0-47 
i.p. 30-0 0-33 
Pethidine .. Pressure Rats i.p. 10-0 Scott and Chen (1946) 
(+)-Methadon - sia ya 1-0 
<< eae Radiant heat Dogs » 2°5 
Morphine Radiant heat Rats 2-0 Thorp, Walton, and Ofner 
Pethidine.. a - pe 15-20 0-15 (1947) 
( —)-Methadone % oo 9° 1-0 2:0 
Morphine Radiant heat Guinea-pigs i.p. 12-1 Winder (1947) 
Pethidine 99 - o” ae 52:8 0-23 
Morphine Radiant heat Rats S.C. 3-01+0-21* Cahen, Epstein, and Krementz 
Pethidine .. ie a a” ee 21+2-8* 0-14 (1948) 
(+)-Methadone és “ nf asi 2:5+0-28* 1-2 
( + )- ” ” ” ” %. 82 +0-80* 0-03 
( )- ” ” ” ” ” 1 +0-32* 2:8 
Morphine... Radiant heat Rats S.C. 6 Randall and Lehmann (1948) 
Methadone .. ” ” ” ” 6 1 
{+)-Methadone Pressure Rats i.p. 7 Scott, . Robbins, and Chen 
aed ” ” ” ” (194. ) 
(+)- va Radiant heat Dogs S.C. 25 
( — )- ” ” ” ” ” 1 
( +)-Methadone Guinea-pigs S.C. ay Jenney and Pfeiffer (1948) 
—)}- ” ” ” ‘ 
( a id )- ” ” ” 20 
Morphine : Radiant heat Rats S.C. 3-5 Hougs-Olsen (1949) 
Methadone .. - Me “ is 2:7 1-27 
Morphine... Radiant heat Rats ae. 10-0 Lewis (1949) 
(—)-Methadone ss ‘i ” o 2-0 5 
Morphine... Radiant heat Rats S.C 2-:16+0-24* Thorp (1949) 
(+)-Methadone ” % » ” 1-58+0-19* 1-3 
— ” ” ’ ” ” 1-02 +0-10* 2:1 
( +)- ” ” ” ” ” 0 0 
(+)-Methadone Radiant heat Rats a6. 1-3 Walton, Ofner and Thorp 
«(— )- ” ” ” ” ” 2-2 (1949) 
( +, )- % ” ” ” ” 0 
Morphine Radiant heat Rats i.p. 2:04 Bonnycastle and Ipsen (1950) 
Pethidine ; o ee ‘ ‘s 14-1 0-14 
Methadone .. 9 a a ne 1-74 1-17 
Pethidine Radiant heat Rats i.v. 0-05 or Bonnycastle and Leonard 
0-09 (1950) 
(+ )-Methadone ” ’ ” ” 1-14 or 
0-83 
Morphine... Hot plate Mice ae 3:09 +0-21* Eddy, Touchberry, and Lieber- 
(+)-Methadone ” ” ” ” 1-62+0-12* 1-90 man (1950) 
(- )- » ” ” ” ” 0-83+0-01* 3-72 
(+)- ” ’ ” ” ” 25:7 + 1-3* 0-12 
Morphine Hot plate Mice S.C. 2°3 Herr and Pérszasz (1950) 
Pethidine . ” ” » ” 13 0 0-17 
Methadone ee ” ” ” ” 1-7 1-4 
Morphine Hot plate Mice S.C. s Lespagnol, Mercier, Bertrand, 
Pethidine F *” ” a 20 0.25 and Mercier (1950) 
Morphine... Radiant heat Rats ac. 4 Winter and Flataker (1950) 
(+)-Methadone ” ” ” ” 2 2 
Pethidine ; Radiant heat Rats 0-24 Christensen and Tye (1951) 
Methadone .. o» 29 ” 2-2 
Morphine Radiant heat Rats S.C. 3-2 Green, Young, and Godfrey 
or pressure (1951) 
Pethidine.. »» » ” ” 0-20 
(+ )-Methadone » ° # 0» % 1:5 2:1 
* EDS0O+S.E. 








te ee ee te - 
ee om | epee 1 Ae 1 epee § tee ee 8 tet ee 2 oe te 8 ote he ee ee ee ee Os oe ee Foe es es 


wt 0a 53 


a%"%Yas6 35 


pole 





/fner 


jentz 


948) 


~hen 


horp 
1950) 


ird 


ieber- 





rand, 


0) 


51) 





dfrey 


ANALGESIC DRUGS 


TABLE Vil—contirued 


283 













































































Noxious Animals Route of Equiactive Relative 
Drug Stimulus Used Administra- | Analgesic Doses Potency Reference 
Applied tion (mg./kg.) (Morphine= 1) 

Morphine Radiant heat Rats S.C. 2 Petersen (1951) 
Methadone .. ea - fa dé 2 1 
Morphine Radiant heat Rats i.v. Bass and Vander Brook (1952) 
Pethidine ‘ a fs a os as 10 0-20 
Methadone .. we 2s ma a es 1 2 
Morphine... — Heat Mice S.C. 3-6 Grewal (1952) 
Pethidine .. oe = a , 11-0 0-33 
(+)-Methadone = a Re x 2:9 1-25 
Morphine... “i Heat Rats i.v. 2-0 (1-:7-2-4) Jackson (1952) 
Pethidine.. ne = a se 2-0 (1-8-2-2) 1 
Methadone .. et ce se 0-31 (0-20-0-80) 6°5 
Pethidine. 0-15 Schaumann (1952) 
(+)-Methadone 1-5 
Morphine. is Radiant heat Rats $e. 4-7 (4-2-5-2)t Tye and Christensen (1952) 
Methadone .. ne i ” ” 9» 1-9 (1-6-2-2)t 2:5 (2:2-2-8)f 
Morphine : v Hot plate Mice $e. 2:1+0-1* Eddy and Leimbach (1953) 
(+)-Methadone no a - a = 1-6+0-1* 1-3 
Morphine... sa ‘i - ae Oral 3-9+0-5* 
(+)-Methadone ee oe ie aa = 9-2+1-9* 0-42 
Morphine... ne Radiant heat Mice S.C 1-7 Haas, Hohagen, and Koll- 
Pethidine .. ne ae - ‘ va 8-6 0-19 mannsperger (1953) 
Methadone .. a a “s ee in 1-4 1-21 
Morphine... ee i ee Rats * 6:8 
Pethidine ae “ ee ve 16-3 0-41 
Morphine... .. | Electric discharge Mice es 4:5 
Pethidine .. = a se a me 4:5 
Methadone .. ae a * = “ 2:5 1-8 
Morphine... ne Radiant heat Mice S.C 2:30 (2:04-2-40t Kraushaar (1953) 
Methadone .. i” 2 ma - os 1-20 (1-03-1-40) + 1-91 
Morphine... =e Hot plate Mice Se. 8-6 Ohlsson (1953) 
(+)-Methadone aa = on on os 5-3 1-6 
Pethidine .. me i ‘i ss me 23-0 0-37 
Morphine P a Hot plate Rats S.C Poérszasz, Tardos, Herr, and 
(+)-Methadone oe os “6 * ani 2:39 Nyiri (1953) 
Pethidine.. os oA - a ae 0-36 
Morphine... a Heat Mice s.c 5 Serembe and Visentini (1953) 
Pethidine.. ae oe ee os 15 0-33 
Methadone .. ie i i 1 5 
Morphine... nae Radiant heat Rats S.C. 4 Smith and Lehman (1953) 
(+)-Methadone.. te pa ‘ ” 1 4 
Morphine ae Hot plate Mice sc 5 Jacob and Grassi-Gialdroni 
Methadone .. — - ‘i a - 2 2°5 (1953) 
(+)-Methadone Hot plate Mice Oral 9-2 (7-3-11-6)t Leimbach and Eddy (1954) 
( a ” o* ” »> ” ” 8-0 (6-1-10-5)t 
(+)- ” ” ” ” ” 89-3 (56-6-141-0)T 
(+ )- ” ” ” ” S.C 1-6 (1-5-1-7)t 
( _ )- ” ” ” 9 »” 0 83 (0-82-0-84) ¢ 
(+)- ” ” ” ” > 25-7 (24-5-27-0) t 

* FD50+S.E. t EDSO and fiducial limits. 
mice were injected subcutaneously with doses of DISCUSSION 


drugs corresponding to ED80. The results are 
quoted in Table III. The analgesic action of mor- 
phine, pethidine, and (—)-methadone disappears in 
3 hr. 

In a third group of experiments we have deter- 
mined the tolerance to the analgesic drugs. Mice 
were injected subcutaneously with ED80 for 22 
days. The results are quoted in Table IV. It 
seems that tolerance is less pronounced for pethi- 
dine than for morphine or (—)-methadone. 


The toxicities of these drugs are shown in 
Table V and their therapeutic indexes in Table VI. 


Our data on the intensity of analgesic action of 
various compounds agree with those of others 
(reported in Table VII). (+)-Methadone is about 
twice and (—)-methadone is about three times as 
active as morphine ; pethidine is about four times 
less active than morphine. In contrast to the find- 
ings of others, (+)-methadone was shown to have 
some analgesic action ; injected intraperitoneally it 
is as active as pethidine. (—)-Methadone is about 
1.5 times as active as (+)-methadone. 

It appears from our data that the analgesic effect 
increases when drugs are injected subcutaneously. 








284 CAMILLO BIANCHI and JOLANDA FRANCESCHINI 


It is known that the liver rapidly destroys anal- 
gesic drugs (Sung and Way, 1950; Richards, 
' Boxer and Smith, 1950) and that the analgesic 
action is enhanced and prolonged by partial 
hepatectomy (Sung and Way, 1950; Bonnycastle 
and Delia, 1950). Since drugs injected intra- 
peritoneally are absorbed by the portal system, 
they are presumably partly destroyed during pas- 
sage through the liver, whereas drugs injected 
subcutaneously reach the central nervous system 
without passing through the liver. These con- 
siderations may explain the differences observed 
between intraperitoneal and subcutaneous admin- 
istration. 

Jackson (1952) suggests that the analgesic effect 
of drugs in the rat is not a manifestation of general 
toxicity. It would seem that this is also so in the 
mouse, since the toxicity of analgesic drugs is 
enhanced when they are injected intraperitoneally, 
while their analgesic effect is decreased. 

Our data on the duration of action of, and 
tolerance to, the analgesic drugs agree with the 
results of others (Cahen, Epstein and Krementz, 
1948 ; Lewis, 1949; Isbell, Wikler, Eddy, Wilson 
and Moran, 1947; Scott, Chen, Kohlstaedt, Rob- 
bins and Israel, 1947; Bass and Vander Brook, 
1952). It can be concluded that the results ob- 
tained by Haffner’s method are similar to those 
obtained by other methods of testing analgesic 
drugs. 


SUMMARY 


1. A linear relation was found between log-dose 
and probit when analgesic activity was determined 
by Haffner’s method in mice. 

2. The analgesic effect of morphine, pethidine, 
(+)- and (—)-methadone increases when the drugs 
are injected subcutaneously instead of intraperi- 
toneally. Acute toxicity decreases. 

3. The results obtained for intensity, duration, and 
tolerance to morphine, pethidine, (+)-, (—)-, and 
(+)-methadone agree with those of other authors. 

4. Haffner’s method provides a simple means of 
testing analgesic drugs. In contrast to methods 
employing a thermal stimulus, Haffner’s method 
is based on a reflex mechanism which involves 
the higher centres. 
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THE MODIFICATION OF THE ACTION OF OUABAIN IN 
CARDIAC TISSUE BY ESERINE AND ACETYLCHOLINE 


BY 


M. L. CHATTERJEE 
From the Department of Pharmacology, University of Oxford 


(RECEIVED MARCH 9, 1954) 


Various papers have been published which indi- 
cate some relation between the action of cardiac 
glycosides such as strophanthin or ouabain, on the 
one hand, and that of acetylcholine (ACh), on the 
other. Thus Gremels (1937) showed that a small 
amount of ACh, which alone was without effect 
on the amplitude of the contractions of the isolated 
frog heart (Straub preparation), exerted an in- 
hibitory effect of long duration in the presence of 
strophanthin. Recently Baker (1953) has observed 
a similar phenomenon in the human foetal heart 
perfused by the Langendorff method. The in- 
hibitory effect of a small amount of ACh became 
steadily greater when ouabain was added to the 
perfusion fluid in a concentration of 0.2 pg./ml., 
the inhibition affecting both rate and amplitude. 

The mode of action of the cardiac glycosides is 
still obscure; and, in view of increasing evidence 
that the cardiac rhythm is maintained by the local 
formation of ACh (Biilbring and Burn, 1949; Burn 
and Kottegoda, 1953; Briscoe and Burn, 1954; Burn 
and Walker, 1954; Burn, 1953, 1954), it was decided 
to make further observations to see if the action of 
ouabain on the isolated heart was modified by the 
presence of eserine or of ACh. 


METHODS 


The heart was excised from a freshly killed rabbit 
and perfused with Ringer—Locke solution by the Langen- 
dorff method. The apparatus used is shown in Fig. 17 
of Practical Pharmacology (Burn, 1952). The tempera- 
ture of perfusion was 36-37° C. The solution contained 
1 mg./ml. dextrose. The amplitude, rate, and coronary 
flow were recorded. In experiments on atria, these were 
dissected and suspended in Locke’s solution containing 
dextrose (2 mg./ml.) at 29° C.; they were aerated with a 
brisk stream of oxygen. 


RESULTS 
The Effect of Eserine on the Action of 
Ouabain.—Observations were first made to see if 
the presence of eserine sulphate modified the chain 
T 


of events which followed perfusion of the heart 
with ouabain. 

The ordinary effect of ouabain when perfused 
through the heart is to cause a slight decline in the 
amplitude of contraction followed by an in- 
crease during the early period. Irregularities then 
develop and the amplitude slowly declines until the 
beat is arrested. The precise moment at which 
this happens is often difficult to determine, and 
Baker (1947) measured the toxicity of ouabain by 
finding the time which elapsed until the amplitude 
was reduced to half its value when perfusion with 
ouabain began. He observed that, when ouabain 
was perfused through the heart in a concentration 
of 0.4 wg./ml., the mean survival time measured 
in this way was 38 min., the variation in 6 hearts 
being from 32-51 min. 

A series of hearts was therefore perfused with 
ouabain alone in a concentration of 0.4 yug./ml. 
Other hearts were perfused with Locke’s solution 
containing eserine sulphate for 30 min., and then 
with Locke’s solution containing eserine and oua- 
bain 0.4 »g./ml. Three concentrations of eserine 
were used, 1.5x10°° g./ml., 4.5x 10°* g./ml., and 
1.3x10°° g./ml. In all experiments the time was 
taken by Baker’s method just described. The 
results are given in Table I. The mean time for 
ouabain alone was 42.5 min., which was similar 
to the time of 38 min. found by Baker (1947). The 
presence of 1.5 x 10°® eserine made no appreciable 
difference, but its presence in the higher concen- 
trations prolonged the mean time to 106 min. and to 
76 min. respectively. The prolongation of the time 
was, however, not evident in all the hearts, and 
when the eserine concentration was 4.5 x 10° g./ 
ml. the times were outside the range for ouabain 
alone in six out of 11. In one of these the 
prolongation was more than 200 minutes, when 
the experiment was discontinued. Similar results 
were obtained when eserine was used in concen- 
tration 1.3x 10° g./ml.; five of the results were 
outside those obtained with ouabain alone. The 
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TABLE I 


RABBIT = PERFUSED WITH 0-4 »G./ML. OUABAIN, 
WITH AND WITHOUT ESERINE 


Figures are the times in min. from beginning perfusion with ouabain 
until the amplitude was reduced to half. 














Perfusion with Eserine followed by Ouabain + Eserine. 
Ouabain Eserine concentration :— 
Alone 
1-5 10-* g./ml. | 45x 10-%g./ml. | 1-3 10-5 g./ml. 

41 63 28 77 
29 36 56 96 
25 35 171 108 
25 50 98 102 
23 44 161 57 
65 55 92 
23 71 89 
an 200 + 45 
59 114 48 
85 49 79 
63 161 46 
53 

34 

Mean 42-5 45-6 106-0 76:0 














mean results for the two higher concentrations of 
eserine differed significantly from those with 
ouabain alone. The standard error of the results 
with ouabain alone was 5.65; for the results with 
eserine 4.5 x 10°° g./ml. it was 17.81, and for the 
results with eserine 1.3x 10° g./ml. it was 7.1. 
P was therefore less than 0.01 in both cases. 


Appearance of Irregularity——In addition to re- 
cording the time to half the initial amplitude, other 
measurements were made; thus the time at which 
irregularity was first seen was recorded, and also 
the time at which the rate became much faster. 
Finally, the time was recorded at which the coronary 
flow began to accelerate. The mean times are 
given in Table II, from which it appears that the 

















TABLE II 
PERFUSION OF RABBIT HEARTS WITH OUABAIN 
0-4 uwG./ML. 
Mean Times (min.) 
Eserine g./ml. To To Quickening} To Increase in 
Irregularity of Rate Coronary Flow 
0 19 21 23 
1-5x 10-8 33 32 30 
4-5 10-6 77 58 + 59+ 
1-3x 10-5 40 41 47 








mean time for irregularity was similar to the mean 
time to quickening of the rate and to the increase 
in coronary flow. These times were lengthened 
by all concentrations of eserine, the greatest effect 
being produced by the concentration 4.5 x 10~ g./ 
ml. In one of the hearts no quickening of rate was 
observed, so that the mean figure excludes a high 
value. 

When the time to the occurrence of irregularity 
was expressed for each heart as a percentage of the 
time to half amplitude, the mean for ouabain alone 


was 45°%,, and for ouabain plus ‘eserine in concen- 
tration 4.5x10°° g./mi. was 57%. Thus in the 
presence of eserine the occurrence of irregularity 
was delayed. The difference between 45 and 57% 
was just about significant at the 5% level. For 
P=0.05, t should have been 2.074, whereas it was 
2.025. This calculation, however, did not include 
one high value. All measurements therefore sup- 
ported the main conclusion that the toxic action of 
ouabain on the heart was diminished in the 
presence of eserine. 


Experiments on Atria.—Burn and Kottegoda 
(1953) have shown that when eserine acts on 
isolated atria in a concentration between 10™* and 
10°* g./ml. the contractions stop. Briscoe and 
Burn (1954) have given reasons for supposing that 
this arrest is due to a failure of conduction, and 
that the action of eserine in this high concentration 
is not that of an anticholinesterase but is an action 
resembling that of quinidine. They think that 
quinidine and high concentrations of eserine both 
compete with ACh formed in the heart for receptors 
on which that ACh normally acts. Eleven experi- 
ments were carried out on isolated atria to see if 
the presence of ouabain affected the amount of 
eserine necessary to arrest the contractions. 

In some experiments the action of eserine alone 
was tested first by adding it to the bath in amounts 
of 1 or 2 mg., waiting for 15 min. between each 
addition, until arrest occurred. The amount of 
eserine was recorded, and the bath was then 
changed repeatedly during the next hour to remove 
the eserine as thoroughly as possible. Ouabain 
was added to the bath so that the concentration was 
0.5 x 10~° g./ml.; eserine was then added as before. 
When the atria were again arrested the amount of 
eserine was recorded, the bath changed, and eserine 
alone was repeated. In other experiments ouabain 
was added at the beginning so that the amount of 
eserine required to stop the atria in its presence 
was determined first, and so on. The results are 
given in Table III. In expts. 1-4 eserine was tested 


TABLE III 
AMOUNT OF ESERINE SULPHATE (MG.) NECESSARY TO 
ARREST THE CONTRACTIONS OF RABBITS’ ISOLATED 
ATRIA IN THE ABSENCE AND PRESENCE OF OUABAIN 
(0-5 x 10-8 g./ml.) 



































Ouabain Ouabain 

Expt. - Expt. 
0 + 6 + + 0 rs 
1 15 10 a ns 5 a oe = 
2 10 7 10 7 6 5 eaten aie 
3 12 6 ja mab 7 13 as a 
4 24 6 8 5 16 16 ae 
P 9 8 20 10 
10 14 16 10 
: 11 10 10 pa 
15-2 | 7-2 | 9-0 | 7-0 11-7 | 15-5 | 10-0 
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alone, then in the presence of ouabain, then again 
alone, and in expt. 2 once again in the presence of 
ouabain. In expts. 5-11 eserine was first tested 
in the presence of ouabain, and so on. In the 
presence of ouabain less eserine was required. The 
difference was well shown in expts. 2, 9, and 10. 
The mean figures of expts. 1-4 and of expts. 5-11 
also show it. When all experiments were taken 
together the mean amount of eserine required to 
arrest the atria in the absence of ouabain was 
14.1 mg., whereas in the presence of ouabain it 
was 9.86 mg. The standard errors of these figures 
were 1.61 and 1.06 respectively, so that t=2.21 and 
P=0.04. The conclusion was drawn that ouabain 
reduced the amount of eserine required to arrest the 
atria. 


Experiments with ACh and Ouabain.—Since 
eserine has been shown to have a quinidine-like 
action as well as an anticholinesterase action, ex- 
periments were carried out on the isolated rabbit 
heart to see if ACh itself would modify the action 
of ouabain in the same way as eserine. In a series 
of 6 hearts, Ringer-Locke containing ouabain 
0.4 »g./ml. and ACh 0.1 »g./ml. was perfused and 
the time was observed until the amplitude was 
reduced to half the initial value. The results shown 
in Table IV indicate that these hearts behaved like 


TABLE IV 


RABBIT HEARTS PERFUSED WITH 0-4 »G./ML. OUABAIN 
AND ACh 0-1 4G./ML. 


Figures are the times in min. from beginning perfusion with ouabain 
until the amplitude was reduced to half. 

















Ouabain and ACh Ouabain and ACh following 30 min. 
Together Perfusion with ACh Alone 
31 150 
27 121 
33 45 
25 57 
66 54 
19 85 
160 
53 
53 
72 
Mean 33-5 85 
those perfused with ouabain alone. Further 


experiments were then made in which hearts were 
first perfused with ACh for 30 min. and then with 
ouabain plus ACh, as had been done in the experi- 
ments with eserine. In these circumstances the 
time to half-amplitude was outside the range for 
ouabain alone in 4 out of 10 preparations. These 
results also appear in Table IV. The difference 
between the mean for ouabain alone, given in 
Table I, and the mean value for ouabain and ACh 
following 30 min. perfusion with ACh alone was 


significant, P being less than 0.01. In the experi- 
ment in Table IV in which the time was 160 min., 
a change at that point from ouabain and ACh to 
ouabain alone caused a rapid reduction of the amp- 
litude in 5 min. Thus evidence was obtained that 
the effect of eserine in diminishing the toxic action 
of ouabain was probably due to its anticholin- 
esterase action. 


DISCUSSION 


The work described in this paper was carried out 
to test one aspect of the hypothesis put- forward 
by Biilbring and Burn (1949) that the heart beat 
is maintained by the local formation of ACh. The 
cardiac glycosides have an important effect on 
cardiac rhythm and force of contraction, and if the 
rhythm and contraction are controlled by the local 
production of ACh the effect of a cardiac glycoside 
like ouabain should be modified by ACh and 
especially by a change in the amount of ACh 
locally produced. 

The results show that the simultaneous perfusion 
of ouabain and ACh has less toxic effect on the 
isolated heart than the perfusion of ouabain alone. 
The effect of the ACh was similar to the effect— 
described by Baker (1947)—of an increase in the 
amount of potassium in the perfusion fluid, with 
the difference that the ACh diminished the toxic 
effect of the ouabain only when the heart was 
exposed to the action of the ACh for 30 min. before 
it was acted on by the two substances together. 
The main result, however, was that eserine in a 
concentration of 4.5x10°° g./ml. appreciably 
diminished the toxicity of ouabain. Recent work 
in this department by Dr. Heather Shelley has 
shown that, when the effect of eserine is determined 
on the cholinesterase in the atria of the rabbit heart, 
a concentration of 5x10°° g./ml. causes 82%, 
inhibition. It is probable that this amount of 
eserine is acting only as an anticholinesterase when 
perfused with ouabain through the heart, and that 
the diminution of the toxicity of the ouabain is 
due to the rise in the concentration of the ACh 
produced locally. 

In the observations on the atria, eserine was 
added in much higher concentrations until the con- 
tractions were arrested. The evidence of Briscoe 
and Burn (1954) indicates that at this point eserine 
is exerting a quinidine-like action quite apart from 
its anticholinesterase action. In the presence of 
ouabain less eserine was required to arrest the 
atria. The relationship between ouabain and 
eserine was thus the opposite of the relationship 
in the perfused heart when low concentrations 
of eserine were employed, and this difference adds 











288 M. L. CHATTERJEE 


to the probability that in the perfused hearts it 
was the anticholinesterase action of eserine which 
diminished the toxicity of ouabain. 

The mechanism of the action of the cardiac 
glycosides is still unknown, but these results suggest 
that it may be related to the part played by ACh 
in maintaining the cardiac rhythm. 


SUMMARY 


1. When the isolated rabbit heart is perfused with 
ouabain (0.4 wg./ml.) the toxic effect of the ouabain 
is diminished by the presence of eserine sulphate 
(4.5 10°® g./ml.) in the perfusion fluid. 

2. If acetylcholine is added to the perfusion fluid 
instead of eserine, a similar diminution in the toxic 
action of ouabain is observed. 

3. When the isolated atria of the rabbit are beat- 
ing spontaneously in a bath, the amount of eserine 


sulphate required to cause arrest of the beat is 
diminished in the presence of ouabain (0.5 x 10~° 
g./mil.). 


I am deeply indebted to Protessor J. H. Burn for his 
constant encouragement, guidance, and supervision 
throughout this investigation. 
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(RECEIVED MARCH 12, 1954) 


Nalorphine (N-allylnormorphine) appears to 
have little analgesic activity in man (Wikler, 1951). 
The N-allyl derivatives of normorphine, nor- 
codeine, and 3-hydroxy-morphinan, however, an- 
tagonize morphine-like activity (Pohl, 1915 ; Unna, 
1943; Hart and McCawley, 1944; Fromherz and 
Pellmont, 1952). Nalorphine also exacerbates— 
and can precipitate—the morphine abstinence 
syndrome in addiction (Isbell and Fraser, 1950 ; 
Wikler, 1952; Irwin and Seevers, 1952), and an- 
tagonizes the morphine-like properties of metha- 
done and pethidine (Huggins, Glass, and Bryan, 
1950; Radoff and Huggins, 1951; Huggins, 1951; 
Benson, O’Gara, and van Winkle, 1952; Smith, 
Lehman, and Gilfillan, 1951). It seemed that the 
morphine-like properties of p-cyclohexyloxy-a- 
phenylethylamine (McCoubrey, 1953) might be 
antagonized by its N-allyl derivative. This expec- 
tation was realized in the measures of antagonism 
used—reduction in analgesic activity and elevation 
of the LDSO. The frequent occurrence of hyper- 
algesiat has prompted the assembling of records 
of similar responses with other phenylethylamines. 





* Present address: Department of Studies in Psychological 
Medicine, University of Liverpool. 

+ The term ‘“‘ hyperalgesia”’ is used for the sake of uniformity. 
Here it indicates hyperreflexia in assays which measure algesia by 
effects on certain reflexes. 


METHODS 


All drugs, except nalorphine hydrobromide, were given 
intraperitoneally as hydrochlorides. The structures of 
new amines and their LD50’s in mice are given in Table I. 
Doses for albino rats were 20 mg./kg. unless stated 
otherwise. Analgesic assays in groups of six to eight 
albino rats were those of Thorp (1946), measuring 
changes in reaction threshold, or of D’Amour and 
Smith (1941), measuring changes in reaction time, of the 
blacked tip of a rat’s tail to a radiant heat stimulus. The 
comparative analgesic assays in two simiJar groups of 
rats, one group pretreaied with saline ‘and one with 
antagonist, were completed on the same day. The 
average reaction times of the groups were determined 
before, and at intervals during one hour after, the dose 
of analgesic. To avoid burning the tail, reaction times 
of 30 sec. were taken as maximal. Comparative LDS0’s 
in two similar groups of 30 albino mice, one group 
pretreated with saline and one with antagonist, were 
completed on the same day using 10 mice per dose- 
level of ‘‘ toxic’? drug. LDS5O’s were calculated by 
using probits. 


RESULTS 
Properties of p-Cyclohexyloxy-a-phenylethylallyl- 
amine 


Acute Toxicity.—Table II shows that pretreat- 
ment of mice with p-cyclohexyloxy-a-phenyl- 











TABLE I 
STRUCTURE AND ACUTE TOXICITY IN MICE OF SUBSTITUTED a-PHENYLETHYLAMINES 
R? CH* 
=| Intraperitoneal 
r-< > H—R! LD50 (mg./kg.) 
Drug (Limits of Confidence, 
P=0-05, in parentheses) 
RI R? | R? 
p-Cyclohexyloxy-a-phenylethylallylamine NHC;H, H OC,H,, 164 (161-167) 
a-(3-Cyclohexyloxy-4- hydroxyphenylethyldimeth ylamine NMe, OC,H,, OH 146 (103-185) 
a-(p-Phenoxyphenyl)ethyldimethylamine . . NMe, H OC,H; 91 (89-93) 
a-(p-Phenoxypheny]l)ethyldiethylamine NEt, H OC,H; 92 (89-95) 
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TABLE II 
THE ACUTE TOXICITY OF a-PHENYLETHYLAMINES IN MICE AFTER PRETREATMENT WITH RELATED DRUGS 
Intraperitoneal 
Pretreatment _ LDSO (mg./kg.) 
(Limits of Confidence, 
Test Drug =0-05, in parentheses) 
D. Interval 
Drug yi before With With 
mg./Kg Test Antagonist Saline 
Nalorphine HBr .. 45 10 min.| p-Cyclohexyloxy-a-phenylethylamine 155 (151-158) | 170 (166-174) 
p-Cyclohexyloxy-a-phenylethylallylamine HCl | 50 24 hr. p-Cyclohexyloxy-a-phenylethylamine 190 (185-194) | 169 (158-170) 
p-C. Aa anf cease aaa HCl 50 24 hr p-lsopropyloxy-a-phenylethylamine .. | 208 (202-214) | 206 (197-215) 
Dibenamine HCl 7 20 48 hr p-Cyclohexyloxy-a-phenylethylamine 210 (202-218) | 205 (199-211) 




















ethylallylamine (the “ N-allylamine ”) (SO mg./kg.) 
elevated the LDS50 of p-cyclohexyloxy-a-phenyl- 
ethylamine, but had no influence on that of the 
non-analgesic p-isopropyloxy-a-phenylethylamine. 
Conversely, nalorphine (45 mg./kg.) slightly 
reduced the LD50, whereas dibenamine had no 
effect. No significant difference was found in the 
slopes of the regression lines; nor was there any 
discernible difference, between any one pair of 
saline and drug pretreated groups, in the pattern 
of toxic symptoms. The survivors of the group 
pretreated with the N-allylamine, however, had not 
recovered in twelve hours from the toxic effects 
of p-cyclohexyloxy-a-phenylethylamine as had the 
saline controls. 


Analgesic Activity—The analgesic effect of 
p-cyclohexyloxy-a-phenylethylamine was antagon- 
ized by pretreatment with either dibenamine or the 


N-allylamine. Nalorphine had rather less effect 
under the conditions used (Table III). The action 
of the N-allylamine was prolonged, though slow in 
onset. If given 5 min. before the analgesic, slight 
antagonism was evident, but this became complete 
for the dose of analgesic used if the rats were 
pretreated the day before the test. Morphine 
(10 mg./kg.) was also completely antagonized, and 
the effect of a larger dose (20 mg./kg.) was reduced 
but not abolished. The antagonistic effect of one 
dose persisted for one to three weeks. Nalorphine 
given 10 min. beforehand completely antagonized 
morphine (10 mg./kg.), but the antagonism did not 
persist more than a few hours. 


The N-allylamine itself was as effective as the 
parent amine in causing a brief prostration in rats, 
but it produced both analgesic and hyperalgesic 
responses. In a total of 35 rats, six showed slight 


TABLE III 


THE INFLUENCE OF ANALGESIC ANTAGONISTS ON THE ANALGESIC ACTIVITY OF MORPHINE AND 
p-C YCLOHEXYLOXY-a-PHEN YLETHYLAMINE 


Two similar groups of six rats received drugs intraperitoneally. 


Average preinjection reaction times and maximum change (time in min. in 


parentheses) are recorded. 























Antagonist Analgesic Average Reaction Time (sec.) +S.D. 
Time 
Dose yo Ress With Saline With Antagonist 
mg./kg. Test mg./kg. 
Drug At Time 0| Max. Change At Time 0 Max. Change 
Nalorphine ia - 20 5 min. | p-Cyclohexyloxy-a- 20 10-:0+2-3 21-0+ 1-2 (15) 10:7+1-8 15-3+9-0 (15) 
phenylethylamine 
‘is oa ae 20 10 min.| Morphine . . 10 11:042:0| 23-2+8-2 (30) 9-3+1-3 12-7+3-2 (15) 
24 hr. a ne 10 7:8+0-9 19-5+6-5 (30) 
p-Cyclohexyloxy-a- 30 48 hr. Morphine .. 20 8:7+1-0 | 24* (60) 8-8+1-3 17:2+5-3 (30) 
phenylethylallylamine 96 hr. ‘ om 10 9-:0+0-8 11-3+3-2 (60) 
p-Cyclohexyloxy-a- 20 5 min.| p-Cyclohexyloxy-a- 20 12:0+3°8 22:3+8-7 (10) 9-741-2 15-7+5-5 (40) 
phenylethylallylamine phenylethylamine 
24 hr. i 20 9:-7+1-7 12-8+2-5 (30) 
3 days ie 20 10-5+0-8 11-0+ 1-0F (30) 
7 days a 20 8-3+13 10-2+2-3 (30) 
12 days e 20 12:5+2-0 20-8 + 14-8+ (20) 
21 days a 20 12:2+1-3 18-8 + 12- 28 (20) 
Dibenamine os oa 20 2 days} p-Cyclohexyloxy-a- 20 11-0+1-3 18-3+6-2 (10) 9-9+2-0 9+1-2)| (20) 4 
phenylethylamine 
p-Isopropyloxy-a-phenyl- 20 10 min. i 20 —’ — 11-5+2°8 18-2 4-5-0 (10) 
ethylamine 





























*4rats completely analgesic at 60 min. 
§ 3 rats analgesic. || 2 rats analgesic. 


t One rat which showed complete analgesia omitted. $1 rat completely analgesic. 
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analgesia (8-33°% elevation of reaction time), 
seven a marked analgesia (47-120% elevation), 
and 19 showed hyperalgesia (16-56% reduction of 
reaction time), within 20 min. of injection. Three 
gave no response. The marked analgesic res- 
ponses, equal to those of the parent amine, lasted 
about 30 min., as did the hyperalgesia. Marked 
degrees of analgesia and hyperalgesia were not seen 
as successive responses in the same animal. Three 
rats given the N-allylamine daily for sixteen days 
showed no marked change in pre-injection reaction 
threshold, but block of analgesic activity 


to morphine (10 mg./kg.), and showed no hyper- 
algesia when pretreated with nalorphine, but hyper- 
algesia was seen after N-allylamine pretreatment. 
In other strains of rat p-cyclohexyloxy-a-phenyl- 
ethylamine only occasionally gave hyperalgesic 
responses after pretreatment with the N-allylamine. 
Saline injections never gave marked degrees of 
hyperalgesia. 

a -(p- Phenoxyphenyl)ethyldimethylamine nor- 
mally gave moderate analgesic responses (30% 
elevation of reaction threshold) by the oral, subcu- 





developed in 24 hours and persisted 
during the experiment. There was no 20} 
obvious diminution in depressant ac- 
tivity, and the excitability that develops 18+ 
during prolonged dosage with p-cyclo- 
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20 mg.[kg 
30 mgkg. 
40 mg_|kg. 

20 mg/kg. (usual response) 
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hexyloxy-a-phenylethylamine did not g!6F 
appear. At autopsy the brains of these 3 
rats had an abnormal grey shrunken "4 
appearance, though the animals had * 
developed no neurological signs. 2 2 
Dibenamine given two days before- $9 
hand completely abolished the analgesic ~ 
response to p-cyclohexyloxy-a-phenyl- 8 
ethylamine in four of six rats, three 
being hyperalgesic within 20 min. of in- 6L 
jection (26-44% reduction in reaction 
time). Two ra‘s, however, gave the nor- 4 
mal analgesic response. 0 


Pretreatment with p-isopropyloxy-a- 
phenylethylamine had no influence on 
analgesic activity. 


10 20 30. 40 50 60 70 B0 
Time after Injection (Min) 


Fic. 1.—Hyperalgesic and analgesic responses of an atypical strain of rat to 
p-cyclohexyloxy-a-phenylethylamine. A curve showing the usual response is 
included for comparison. Groups of six rats. 





Hyperalgesic Responses with Other 
Phenylethylamines. 20 
Time-action curves of individual rats 18 
for various analgesic phenylethylamines 
showed sometimes, but not consistently, — j¢| 
a secondary transient hyperalgesic phase. 3 
A strain of albino rat was found, how- ‘4 
ever, which consistently gave hyper- <= 
algesic responses after p-cyclohexyloxy-  ¢ 12} 
a-phenylethylamine at 20 mg./kg., and & 
analgesic responses at 30-40 mg./kg. 2 10 
(Fig. 1). At the higher doses the anal- 
gesic phase was preceded by a transient 8} 
hyperalgesia. The N-allylamine also in- 
duced marked degrees of hyperalgesia 6} 
in this strain, but no analgesic responses 





O Saline 
a paycihenfeny-a-ghanptfipn 
( 


® The above 1 day before moka) 
pecyclohexyloxy—a—phenylethy! amine 
(30 mgfkg.) 





| 4 4 4 





were seen; this amine, given the day 45 
before, appeared to antagonize only the 
analgesic response to p-cyclohexyloxy- 
a-phenylethylamine (Fig. 2). This strain 
of rat gave purely analgesic responses 


1020.30. 40.50.6070 80 
Time after Injection (Min) 


Fic. 2.—To show, in an atypical strain of rat, (a) the abolition of the analgesic but 
not the hyperalgesic response to p-cyclohexyloxy-a-phenylethylamine by its 
N-allyl derivative, and (b) the hyperalgesic response to the N-allyl derivative. 
Groups of six rats. 
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taneous, and intraperitoneal routes at 60, 40, and 
20 mg./kg. respectively. This amine had only 
slight respiratory depressant activity as measured 
by the method used previously (McCoubrey, 1953), 
and usually induced mild excitation. It had a 
spasmolytic activity equal to pethidine on the rat 
ileum contracted by acetylcholine. A limited trial 
in normal human _ subjects disclosed activity 
approximately equal to pethidine at 50-75 mg. 
intramuscularly, but little activity at 100 mg. (see 
Addendum). Similar behaviour was apparent in 
rats, since 30 mg./kg. intraperitoneally was fol- 
lowed by a decline in analgesic activity. In one 
batch of rats, however, in the dose range 20-40 
mg./kg., this amine gave purely hyperalgesic res- 
ponses amounting to an average -reduction in 
reaction time of 41%. There was no apparent 
dirninution in effect with increasing dose. 
a-(p-Phenoxyphenyl)ethyldiethylamine in the same 
batch gave a similar response (31% reduction in 
reaction time), although in another strain it had 
given both weak analgesic and hyperalgesic res- 
ponses. 

a-(3-Cyclohexyloxy -4-hydroxypheny]l) ethyldi- 
methylamine (12-25 mg./kg.) gave only weak 
hyperalgesic responses (average of 14% reduction 
in reaction threshold), but failed to give any res- 
ponse in the same strain at 50 mg./kg. At the 
lower doses the rats tended to be excitable and diffi- 
cult to handle, whereas at the higher doses they 
showed mild depression. This amine (20 mg./kg.) 
failed to induce hyperalgesia in those rats which 
had hyperalgesia with p-cyclohexyloxy-a-phenyl- 
ethylamine ; but insufficient material was available 
for further assays. 


DISCUSSION 


Abolition of the analgesic activity of both 
morphine and p-cyclohexyloxy-a-phenylethylamine 
by p-cyclohexyloxy-a-phenylethylallylamine lends 
support to the hypothesis that these two analgesics 
have similar mechanisms of action (McCoubrey, 
1953). Though nalorphine failed to antagonize 
p-cyclohexyloxy-a-phenylethylamine completely, it 
is probable that suitable conditions were not used, 
since its short-lived antagonistic effect would make 
correct choice of dose and time more important 
than for the long-lived N-allylamine antagonism. 

Hyperalgesic responses were frequently given by 
the phenylethylamines, but were infrequent after 
morphine. In the literature hyperalgesia is men- 
tioned often as a sequel to morphine analgesia in 
studies using experimental pain in man (Isbell and 
Frank, 1950; Andrews, 1943; Seevers and Pfeiffer, 
1936; Mullin and Luckhardt, 1934). Secondary 


hyperalgesia has been noted after methadone 
(Glazebrook, 1949), alcohol (Mullin and 
Luckhardt, 1935), and adrenaline (Gross, Holland, 
Carter, and Christensen 1948), and has been des- 
cribed as a primary response in man after 1 1-deoxy- 
corticosterone (Lee and Pfeiffer 1951), in guinea- 
pigs after mescaline (De Nito, 1934), and in cats 
after barbiturates (Eddy, 1928). Reduced reaction 
thresholds have been described after aspirin (Hardy, 
Wolff, and Goodell, 1941). Winter and Flataker 
(1951) found secondary hyperalgesia after mor- 
phine in rats which had previously received ACTH. 
In general, the response appears sporadically, 
usually as a sequel to an analgesic phase. 

The experiments described indicate that time- 
action curves to analgesic phenylethylamines may 
be the resultant of two opposed and independent 
responses, one—relatively weak—which lowers, 
and another which raises, the threshold to heat 
stimuli. Variation in the duration of the two 
effects in individual rats could explain the sporadic 
appearance of hyperalgesia. The best evidence 
for this view is afforded by the results from the 
strain of rats which consistently gave a purely 
hyperalgesic response to p-cyclo-hexyloxy-a-phenyl- 
ethylamine, this being gradually superseded by an 
analgesic response as the dose increased. Only the 
analgesic response was antagonized by the 
N-allylamine. Further evidence is available from 
the purely hyperalgesic activity of a-(3-cyclohexyl- 
oxy-4-hydroxyphenyl)-ethyldimethylamine which 
indicates that hyperalgesia can occur independently 
of analgesia. 

Block of analgesic but not of hyperalgesic activity 
by the N-allylamine recalls block of the excitatory 
but not the inhibitory actions of adrenaline by 
adrenolytic agents. That this may be more sig- 
nificant than a mere parallel is indicated by the 
following observations: (a) that dibenamine can 
sometimes block the analgesic activity of p-cyclo- 
hexyloxy-a-phenylethylamine [Gross eft al. (1948) 
and Semler and David (1952) find that dibenamine 
given 30 min. before morphine or methadone 
potentiates the analgesic activity], (b) that dibena- 
mine (I) and the N-allylamine (II) have related 
structures (8-chloroethyl can be regarded as 
equivalent to vinyl, the lower homologue of the allyl 
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group), and both have a prolonged action, (c) that 
all analgesics of “opiate” type incorporate the 
elements of sympathomimetic structure—an aro- 
matic nucleus, an alkylamine side chain or its 
equivalent, and usually oxygen groups, (d) that 
adrenaline can exert marked analgesic effects (Ivy, 
Goetzl, Harris, and Burrill, 1944; Leimdorfer and 
Metzner, 1949). 


CHEMICAL SECTION 


The following amines have not been described pre- 
viously : 

(+)-a-(p-Cyclohexyloxyphenyl)ethylallylamine.—p-Cy- 
clohexyloxyacetophenone was reduced in alcohol by 
hydrogen in the presence of Raney nickel at room 
temperature and pressure to give (-.)-a-(p-cyclohexyl- 
oxyphenyl)ethanol (82%). It crystallized from light 
petroleum in prisms, m.p. 45°. (Found: C, 76.1; 
H, 9.0. Ci4H2»O. requires C, 76.4; H, 9.1%.) Treat- 
ment at 5° with phosphorus tribromide in dry benzene 
gave a bromide, not isolated, which reacted with excess 
allylamine at room temperature to give the required base 
(74%), b.p. 145—150°/1 mm. (bath temperature). The 
hydrochloride crystallized from benzene-light petroleum 
in prisms, m.p. 165°. (Found: C, 69.1; H, 8.9; 
N, 4.9. Cy,HssONCI requires C, 69.0; H, 8.8; N, 
4.7%.) 

(+)-a-(3-Cyclohexyloxy-4-hydroxyphenyl)ethyldimethyl- 
amine.—3 - Cyclohexyloxy - 4- hydroxyacetophenone by 
similar methods to the above gave the required base, 
which was purified as the hydrochloride (19%), prisms 
from alcohol-ether, m.p. 140°. (Found: C, 63.3; 
H, 8.8; N, 4.3. CigH2s6O2NCl requires C, 64.0; H, 8.7; 
N, 4.7%.) The intermediate alcohol and bromide were 
unstable and were not purified. 


(+)-a-(p-Phenoxyphenyl)ethyl-dimethylamine and -di- 
ethylamine.—p-Phenoxyacetophenone (10 g.) was reduced 
as above to a-(p-phenoxyphenyl)ethanol (9.1 g.), b.p. 160- 
162°/2 mm. The phenylurethane crystallized from light 
petroleum in feathery plates, m.p. 65°. (Found: 
C, 75.6; H, 5.6; N, 3.8. ©Cs3HigO3N requires C, 75.7; 
H, 5.7; N, 4.2%.) The alcohol, as above (5.3 g.), gave 
a bromide, not isolated, which reacted with excess 
dimethylamine to give the required base (4.3 g.), b.p. 145- 
150°/0.4 mm. The Aydrochloride crystallized from 
benzene-alcohol in prisms, m.p. 156-157°. (Found: 
C, 69.2; H, 7.3; N, 4.7. CigsH2gONCl requires C, 69.2; 
H, 7.3; N, £.0%.) Excess diethylamine similarly gave 
a-(p-phenoxvphenyl)ethyldiethylamine, prisms from light 
petroleum, m.p. 54°. (Found: C, 80.3; H, 8.7; 
N, 5.2. CygH2sON requires C, 80.3; H, 8.6; N, 5.2%.) 
The hydrochloride did not crystallize. 


SUMMARY 


1. The LDSO of p-cyclohexyloxy-a-phenylethyl- 
amine in mice was elevated and analgesic activity 
in rats was abolished by prior treatment with its 
N-allyl derivative. 


2. Analgesic antagonism due to the N-allylamine 
developed slowly, but was of long duration. 


3. The N-allylamine induced either hyperalgesia 
or analgesia in rats. 


4. In an atypical strain of rats which were 
rendered hyperalgesic or analgesic by p-cyclo- 
hexyloxy-a-phenylethylamine, according to dose, 
the N-allylamine abolished only the analgesic 
activity. 

5. Various other hyperalgesic responses to 
a-phenylethylamines are described. 


ADDENDUM 
By D. M. ZAUSMER 


a-(p-Phenoxyphenyl)ethyldimethylamine had 
shown moderate analgesic activity in rats with- 
out marked respiratory depression. It tended to 
be excitatory rather than depressant. Since the 
value of an analgesic does not necessarily depend 
on potency but rather on freedom from side-effects, 
a short trial in human subjects was started after 
animal tests had shown no undue toxicity. Un- 
fortunately, it was not possible to complete the 
experiment as planned; but the results are of in- 
terest, for they are parallel to those in rats, except 
that no hyperalgesic effects were detected. 

The drug was given intramuscularly to medical 
or scientific people, who were aware of the experi- 
mental methods but had no knowledge of the drugs 
to be given. Activity was assessed by the method 
of Hardy, Wolff, and Goodell (1941). The results 
are summarized in Table IV. The experiment had 


TABLE IV 


ANALGESIC ACTIVITY OF a-(p-PHENOXYPHENYL)- 
ETHYLDIMETHYLAMINE IN MAN 


Method of Hardy, Wolff, and Goodell (1941). Ranges in parentheses. 





o; HY 
No Time to 





49 
Dose No. of | pes. | Elevation Duration Peak 
(mg., i.m.) | Subjects oe °o (min.) Activity 
pons | Threshold (min.) 
50 5 1 21 (20-35)| 71 (40-115) 716 
75 7 0 28 (9-64) | 133 (70-180+) 80 
100 5 2 23 (14-31) | 120 (S0-180+) —_ 
250 orally 1 — 62 180 110 
50 2 0 23 130 83 
(pethidine) 
75 1 a 25 140 55 


(pethidine) 




















to be terminated before saline controls could be 
done in the same subjects. The number of pethi- 
dine controls was limited by the incidence of side- 
effects (fainting, nausea, and vertigo). The drug 
gave no side-effects whatever beyond a slight 
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drowsiness in three subjects. Most were able to 
read during the experiment. No hyperalgesic res- 
ponses were observed. The failure to obtain 
increased responses at 100 mg. seems to be real and 
not due to sampling error. There was wavering 
of threshold above control level, but without 
definite peaks. Similar behaviour had been ob- 
served in the rat. 


The authors thank those members of the Institute of 
Psychiatry and Maudsley Hospital who volunteered for 
the analgesic assays. 
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DEPLETION OF ADRENAL ASCORBIC ACID AND 
CHOLESTEROL BY p-CYCLOHEXYLOXY-c- 
PHENYLETHYLAMINE AND RELATED AMINES IN RATS 


BY 


A. McCOUBREY 


From the Department of Biochemistry, Institute of Psychiatry (British Postgraduate Medical Federation, 
University of London), Maudsley Hospital, S.E.5 


(RECEIVED MARCH 12, 1954) 


Morphine can influence the secretory activity of 
both adrenal medulla and cortex in experimental 
animals. It can liberate adrenaline in dogs and 
cats (Bodo, CoTui, and Benaglia, 1937, 1938 ; 
Wada, Tanaka, Hirano, and Taneiti, 1938). It can 
deplete adrenal ascorbic acid in rats (Nasmyth, 
1954), which may indicate pituitary-adrenal acti- 
vation (Sayers, Sayers, Liang, and Long, 1946). 
Zauder (1951) also found other evidence for re- 
lease of ACTH by analgesics. Conversely, the rate 
of liberation of adrenal hormones may influence 
analgesic activity. Winter and Flataker (1951) 
found that ACTH and cortisone antagonized 
morphine analgesia in rats. 

A reduced analgesic response to morphine was 
shown by dogs (Gross, Holland, Carter, and 
Christensen, 1948), and by adrenalectomized rats 
with cortical transplants (Friend and Harris, 1948). 
The adrenalectomy markedly increased the toxicity 
of morphine (Torino and Lewis, 1927). Hardy, 
Wolff, and Goodell (1940) found that adrenaline 
could reduce the analgesic effect of morphine in 
man, though Puharich and Goetzl (1947) found 
that it restored sensitivity to morphine analgesia in 
adrenalectomized rats. 

Section of the nerve supply to the adrenal gland 
abolishes the release of adrenaline by morphine 
(Bodo et al., 1938). Release of adrenocortical 
hormone may follow pituitary activation, since 
morphine given repeatedly causes adrenal hyper- 
trophy (MacKay and MacKay, 1926; Deansley, 
1931; Sung and Way, 1953). The mechanism of 
pituitary activation is unknown, but the alkaloid 
can release both adrenaline and histamine, which 
in turn, under experimental conditions, can release 
ACTH. Though analgesics appear to concentrate 
in the adrenals—as Elliot, Chang, Abdou, and 
Anderson (1949) have found with methadone—it 
seems unlikely that this engenders the release of 
hormone, since Vogt (1951) found no increased 
hormone outflow in dogs’ adrenals perfused with 
morphine. Adrenaline may have a direct effect 


on the adrenal cortex (Fortier, 1951; Speirs and 
Sullivan, 1953). p-Cyclohexyloxy-a-phenylethyl- 
amine attained a fiftyfold concentration in monkey 
adrenal glands compared to plasma (Brierley and 
McCoubrey, 1953), but no difference in concen- 
tration between medulla and cortex was found in 
the rabbit. Though other substances, such as xenon 
(Featherstone, Steinfield, Gross, and Pittinger, 
1952), can concentrate to some extent in adrenal 
tissue, there is a possibility that such concentration 
of the amine might reflect a biochemical inter- 
action in the gland which could be related, directly 
or indirectly, to the analgesic mechanism or to the 
release of hormones. 

It became desirable to determine whether 
p-cyclohexyloxy-a-phenylethylamine causes pitui- 
tary-adrenal activation. The effect of the amine 
on adrenal ascorbic acid and cholesterol of the 
rat has been examined for this purpose. For com- 
parison, a number of related amines with different 
pharmacological properties have been similarly 
examined. 

METHODS 


The amine hydrochlorides (20 mg./kg.), or morphine 
and its derivatives (10 mg./kg.), were given intraperi- 
toneally in aqueous solution at 37° to groups of male 
albino rats. (When female rats had to be included, 
comparable groups contained equal numbers of males 
and females.) The rats were either kept warm over- 
night in the laboratory before use or were injected in the 
animal room and left there until killed. Three different 
strains were used. Strain A was rather less sensitive 
to analgesics than Strain B. Strain C gave hyperalgesic 
responses to _ p-cyclohexyloxy-a-phenylethylamine at 
20 mg./kg. and analgesic responses at 30-40 mg./kg. 
(McCoubrey, 1954). The experiments with different 
drugs were usually done in parallel, and equal numbers 
of rats received the different treatments on any one day. 
They were killed by stunning and bleeding. Adrenal 
ascorbic acid was estimated by the method of Roe and 
Kuether (1943), and cholesterol by the method of Sperry 
and Webb (1950). In one experiment adrenaline was 
assayed, by the method of Weil-Malherbe and Bone 
(1952), on adrenal homogenates in 0.1 N-HCI. 
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The structure and the relevant pharmacology of the 
phenylethylamines are given by McCoubrey (1954). 
2-n-Propyldihydromorphine (10 mg./kg.) gave no anal- 
gesic response in the rat. 


markedly depleted ascorbic acid irrespective of 
pharmacological activity (Table I). The analgesic 
cyclohexyl ether and its antagonistic N-allyl 
derivative had similar depletory power ; the inactive 
isopropyl ether had less activity at the time intervals 
studied. The hyperalgesic amine had no marked 
depletory power, which is of interest in view of the 
hyperalgesic response to morphine seen in rats after 
treatment with ACTH or cortisone (Winter and 
Flataker, 1951). Depletion in Strain C at hyper- 


TABLE I 
DEPLETION OF RAT ADRENAL ASCORBIC ACID AND CHOLESTEROL BY PHENYLETHYLAMINES 


Amine hydrochlorides (20 mg./kg.) given egg to groups of 4-8 rats. Left adrenals were taken for ascorbic acid (Roe and Kuether, 

1943); right for cholesterol (Sperry and Webb, 1950). Comparable groups: with saline controls are given. a-Phenylethylamines are designated 

by their activity, viz., analgesic=p-cyclohexyloxy-a-phenylethylamine ; “ hyperalgesic ” =a-(3-cyclohexyloxy-4-hydroxyphenyl)ethyldimethyl- 

amine; inactive=p-isopropyloxy-a-phenylethylamine ; antagonist = p-cyclohexyloxy-a-phenylethylallylamine. Depletion of ascorbic acid 

after ACTH is maximal at approx. 60 min. and cholesterol at 3-6 hr. (Long, 1947). The probability of the difference from control being due 
to chance is indicated as follows: *P < 0-091, TP <0.0)5, §P <0-91, ||P <0-02, other results P >0-05. 


RESULTS 


p-Cyclohexyloxy-a-phenylethylamine is referred 
to as the analgesic cyclohexyl ether, its N-allyl 
derivative as the N-allylamine. All the amines 
examined (except 2-n-propyldihydromorphine) 











Strain Servi Ascorbic Acid Cholesterol 
urvival 
Drug of Rats (min.) - 
(see text) : (mg./100 g.) % Depletion (g./100 g.) % Depletion 

Saline Mes 6: a = ty 30 431+67 — 
Analgesic .. 7G a A me A 30 287+35 33* 

‘i ne ss ar xe ep 60 273+28 36* 
Inactive ee a ae xe ie 30 311+58 28t 
Saline - e a a ve 406 + 28 — 
Analgesic - i iy" ea 278 +26 32* 
Nalorphine .. ‘ie x i mia A 30 271 +46 33§ 
“ Hyperalgesic”® .. ~ “¥ ae 305+49 25§ 
Antagonist .. ey ae oe a 252+40 38* 
Saline wil 7” a ate or 2-354 -49 _ 
Analgesic .. os sy ry js A 60 1-74+ -28 26)! 
Inactive - “i ia me 2-534 -73 one 
Antagonist .. sg ‘a es ee 2:73+ -85 —_ 
Saline aa se ‘ea a ss 420+49 —_ 2:30+ -78 — 
Analgesic .. i ee - - A 150 296 + 37 30* 2716+ -45 — 
Amphetamine on ‘ i - 320+ 68 24§ 260+ -56 — 
Saline Pe i a #8 , 593+48 —_ 3-91+ -46 — 
Analgesic a sat a ; 308 +25 49* 2:66+ -47 32t 
Antagonist .. a ae oa aa B 150 305+ 43 49* 2:53+ -63 35§ 
Inactive ne ae eat = 409+ 8 31° 3-50+ -85 —_ 
Amphetamine ea a ee a 247 +43 58* 3-00+ 1-19 _ 
Saline a si as a ma 511+50 — 4-354- -76 — 
Analgesic! a = os re 278 +45 46* 265+ -82 39g 
Analgesic? .. a aa 2 150 231445 55* 2:22+ -66 50§ 
2-n-Propyldihydromorphine a 440+ 62 12 401+ -92 = 
Dihydromorphine .. 340+49 33* 2:36+ -68 46§ 























1 Hyperalgesic response after 20 mg./kg. intraperitoneally. * Analgesic response after 30 mg./kg. intraperitoneally. 


TABLE II 


THE INFLUENCE ,OF ANALGESIC ANTAGONISTS ON DEPLETION OF RAT ADRENAL ASCORBIC ACID AND 
CHOLESTEROL BY PHENYLETHYLAMINES 


Antagonists (20 mg./kg. i.p.) were given to groups of 6-8 rats before (time in parentheses) the phenylethylamines (20 mg./kg.) or morphine 
(10 mg./kg.). Survival times are relative to the phenylalkylamines or morphine. The left adrenal was used for ascorbic acid and the right. for 

















cholesterol. Analgesic = p-cyclohexyloxy-a-phenylethylamine. Antagonist = p-cyclohexyloxy-a-phenylethylallylamine. Nalorphine = 
N-allylnormorphine. 
ae Ae on. age 
train : mg. g.+S.D. g./100 g.+S.D. 
of Rat Pretreatment Drug = f 
(see text) _ Saline Without With Saline Without With 
Control | Antagonist] Antagonist} Control | Antagonist | Antagonist 
A ~ Nalorphine (5 min.) Analgesic 30 4311467 261+43 276+ 84 
A 5 min.) Morphine 30 431+ 67 280+ 32 342+ 66 
A Antagonist a hr.) Analgesic 30 431+67 287+35 326+ 45 
A %» (24 hr.) we 150 420+ 49 296 + 37 323+ 26] 2-30+0-78 | 2-16+0-45 | 2-48+0-69 
B = (24 hr.) Amphetamine 150 593+48 247+43 | 370+ 35)| 3-91+0-46 | 3-:00+1-19 | 3-63+0-54 
B (24 hr.) Analgesic 150 593+48 308 +25 369+ 38] 3-91+0-46 | 2-66+0-47 | 1-98+0-61 
A Dibenamine (48 fe.) %” 150 420+49 296437 335+ 25] 2:-30+0-78 | 2:16+0-45 | 3-10+0-92 
Cc * (48 hr.) ‘é 150 511+50 | 221+45 297+ 46| 4-35+0-76 | 2:22+0-65 | 3-62+0-85 
. 511+35 225+25 289+ 15| 2-42+0-72 | 1-3540-56 | 1-:89+0-38 
Cc as (48 hr.) Antagonist 150 511+35 234+ 32 322+ 108 | 2-42+0-72 | 1:14+0-34 | 2-34+0-96 
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algesic dosage was almost the same as at analgesic 
dosage. 


Long (1947) found that ACTH had no influence 
on cerebral cortical ascorbic acid content. No de- 
pletion occurred with the analgesic cyclohexyl 
ether, though the drug reached a high concentration 
in brain (Brierley and McCoubrey, 1953). Eight 
saline controls gave 38.44+5.6 mg./100 g. of 
cerebral cortex at 30 min. after injection ; a similar 
group of rats given the amine had 42.3 + 6.0 mg./ 
100 g. Inthe same groups the left adrenal ascorbic 
acid contents were 406+28 and 278+26 mg./ 
100 g. respectively. 


Pretreatment with analgesic antagonists or with 
dibenamine reduced the depletion of ascorbic acid 
by analgesics. The effect was not marked (Tabie 
Il), but was not seen with the combination of 
analgesic cyclohexyl ether and nalorphine, where 
antagonism was not well defined. The N-allyl- 
amine also reduced the depletion by amphetamine, 
though there was no apparent alteration in the 
pattern of restlessness and aimless activity due to 
amphetamine. 


Cholesterol was depleted less constantly by these 
amines. In Strain A this occurred only with the 
analgesic « yclohexyl ether. In Strain B significant 
depletion occurred with both this amine and the 
N-allylamine. The inactive isopropyl ether had 
no effect in either strain. In Strain B, but not in 
Strain A, amphetamine gave inconsistent depletion, 
which appeared to be reduced by N-allylamine 
pretreatment. The analgesic cyclohexyl ether 
depleted cholesterol in Strain C at both hyper- 
algesic and analgesic dosage. Cholesterol and 
ascorbic acid were reduced after the analgesic 
dihydromorphine, but its inactive 2-n-propyl 
derivative had little effect on ascorbic acid and none 
on cholesterol. Dibenamine pretreatment reduced 
the depletion of cholesterol by the analgesic cyclo- 
hexyl ether and the N-allylamine, but the N-allyl- 
amine failed to prevent depletion by the analgesic. 
The effects of these drugs on cholesterol were small 
when low cholesterol contents were found in saline 
controls. 


The analgesic amine had previously been found 
to give no hyperglycaemic response in rats 
(McCoubrey, 1953), and it seemed unlikely that it 
liberated adrenaline. Ten rats receiving saline gave 
an adrenal adrenaline content of 1,036 + 382 yg./g. 
at 30 min. after injection, whereas drug-treated rats 
had 911+4266 yg./g. These values are similar to 
the control values given by Burn, Hutcheon, and 
Parker (1950), determined by biological assay after 
the same method of killing. 


DISCUSSION 


From the work of Long, Sayers, and their 
collaborators, depletion of adrenal ascorbic acid or 
cholesterol is generally accepted as evidence for 
ACTH release. No basis for ascorbic acid 
reduction is known, and it may not occur under 
conditions where it would be expected—for 
example, in birds (Zarrow and Baldini, 1952). 
Acetate, a precursor of adrenal cholesterol (Bloch 
and Rittenberg, 1942), and cholesterol itself, are 
converted to adrenal steroid hormones by adrenal 
tissue (Zaffaroni, Hechter, and Pincus, 1951; 
Haines, Nielson, Drake, and Woods, 1951). 

Lack of relationship between pharmacological 
activity and ascorbic acid depletion by these amines 
is in line with the non-specific nature of this change ; 
many substances and traumatic conditions reduce 
adrenal ascorbic acid (Sayers and Sayers, 1949). 
Analgesics were reasonably consistent in depleting 
cholesterol, and there seems to be good evidence 
that they activate the adrenal cortex. Since both 
the inactive isopropyl ether and 2-n-propyldihydro- 
morphine failed to lower adrenal cholesterol, this 
activation might be in some way related to the 
mechanism of analgesia. Barbiturates, which have 
some morphine-like properties, though not usually 
regarded as analgesics (cf. Keats and Beecher, 
1950), deplete neither ascorbic acid nor cholesterol 
(Long, 1947). Though the N-allylamine caused 
cholesterol depletion, this amine is probably a 
potential analgesic which is self-antagonistic since 
it can be markedly analgesic. Any relationship 
between adrenocortical activation and analgesic 
mechanism must be indirect, since marked lowering 
of cholesterol occurred when there was no anal- 
gesia. Adrenocortical hormones have mainly 
excitatory effects on brain (for references, see 
Winter and Flataker, 1951, 1952). Cortisone, like 
morphine, can be euphoriant, but has no analgesic 
activity in experimental pain (Lee and Pfeiffer, 
1951; Vaillancourt, Grokoest, and Ragan, 1951). 

The analgesic activity of adrenaline has prompted 
speculations that morphine analgesia might be 
mediated in part by adrenomedullary adrenaline 
(Puharich and Goetzl, 1947). To produce anal- 
gesia, a high concentration of adrenaline is 
probably needed in the cerebral circulation, such 
as is attained, for example, by intracarotid (Ivy, 
Goetzl, Harris, and Burrill, 1944) or by intra- 
cisternal injection (Leimdorfer and Metzner, 1949). 
Adrenomedullary adrenaline probably reaches the 
brain in inadequate concentration for analgesia. 
Schayer (1951) found no C**-labelled adrenaline 
in the brain after subcutaneous injection in rats. 
Uncertain hyperglycaemia after therapeutic doses 
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of morphine in man (Goodman and Gilman, 1940) 
suggests that the discharge of adrenaline caused by 
the alkaloid is not consistent. 

It seems preferable to assume as a working hypo- 
thesis that adrenocortical activation by analgesics 
is an incidental effect, in that the mechanism of 
activation has some resemblance to one stage of 
the analgesic mechanism. Thus, sudden stress 
which can release ACTH can also induce analgesia. 
There seems to be little evidence to relate either 
pituitary activation or analgesia to release of 
adrenal adrenaline or noradrenaline. A current 
hypothesis suggests that ACTH may be released 
by a neurohumour arising in the hypothalamus 
(Harris, 1952). Vogt (1954) recently found nor- 
adrenaline in the dog’s hypothalamus. In experi- 
mental animals, the relationship between adrenaline 
or noradrenaline and analgesia on the one hand, 
and pituitary activation on the other, is suggestive, 
in view of the formal chemical similarity between 
analgesic and sympathomimetic drugs. Diben- 
amine antagonized the analgesic activity of, and 
reduced the depletion of cholesterol by, the anal- 
gesic cyclohexyl ether. It also reduced the 
depletion caused by the N-allylamine, whereas the 
latter had no influence on cholesterol depletion by 
the cyclohexyl ether. It is possible that the anal- 
gesic cyclohexyl ether can be antagonized in two 
different ways. 


SUMMARY 


1. Four a-phenylethylamines have, irrespective 
of differences in their pharmacology, approximately 
equal potency in depleting the adrenal ascorbic 
acid in rats. 

2. The analgesic member of the series was the 
most consistent in depleting adrenal cholesterol. 

3. Previous treatment with analgesic antagonists 
slightly reduced the depletion of ascorbic acid by 
analgesics and by amphetamine. 

4. Release of adrenaline by the analgesic amine 
could not be demonstrated, but dibenamine 
reduced its power to deplete both adrenal ascorbic 
acid and cholesterol. 

5. The results are discussed in relation to the 
mechanism of analgesia. 


Thanks are due to Miss R. Brown, Mr. S. P. Patel, 
and Miss R. M. Segall for technical assistance, and to 
the Medical Research Council for financial support. 
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Many of the effects of cholinesterase inhibitors 
resemble those of parasympathomimetic drugs and 
it is reasonable to suppose that they are due to 
accumulation of acetylcholine. Stewart (1952) has 
provided evidence that this occurs. It is therefore 
to be expected that animals might be partially 
protected against anticholinesterases if treated with 
ACh antagonists. Thus, atropine or scopolamine 
protect against diisopropylphosphorofluoridate 
(DFP) (Modell and Krop, 1946; McNamara, 
Koelle, and Gilman, 1946; Koster, 1946; Wescoe, 
Green, McNamara, and Krop, 1948), against 
tetraethylpyrophosphate (TEPP) (Koppanyi, Karcz- 
mar, and King, 1947; Hamburger, Freese, Cook, 
and Green, 1951; Douglas and Matthews, 1952; 
Lewis and McKeon, 1953), against parathion 
(Salerno and Coon, 1950; Grob, Garlick, and 
Harvey, 1950; Wilhelmi and Domenjoz, 1951) and 
against octamethylpyrophosphoramide (OMPA) 
(DuBois, Doull, and Coon, 1950). Curare reduces 
the effects of parathion poisoning in man (Grob 
et al., 1950), and ganglion-blocking agents decrease 
the toxicity of DFP (Heymans, 1950) and TEPP 
(Hamburger ef al., 1951). ‘ 

Anticholinesterase drugs may differ in effective- 
ness at the various sites where ACh acts; for 
example, the most striking effects of OMPA are 
“* muscarinic ’” (DuBois et al., 1950), whereas other 
anticholinesterases may also produce “ nicotinic ” 
effects such as muscular fasciculations. The work 
described in this paper attempts to give quantitative 
expression to such differential activity. 

It was considered that the activity of a cholin- 
esterase inhibitor at a particular physiological site 
should be related to the degree of protection exerted 
against its toxic effects by an antagonist of ACh 
specific for that site; thus, for example, the toxicity 
of a substance predominantly active at ‘* muscar- 
inic”’ sites should be particularly susceptible to 
atropine, as described for OMPA by DuBois et al. 
(1950). 


It was proposed to use atropine as inhibitor of 
the muscarinic actions of acetylcholine, tubo- 
curarine as inhibitor at the neuromuscular junction, 
and hexamethonium as inhibitor of synaptic trans- 
mission in the autonomic ganglia. By comparison 
of the extent to which each of these antagonists 
modified the toxicity of an anticholinesterase drug 
it was hoped to be able to express the relative 
activity of the latter at the three types of site. 

This analysis was carried out principally upon neo- 
stigmine methylsulphate (“* Prostigmin”’), TEPP and 
two other synthetic anticholinesterases, Ro 3—-0412, 
3-dimethylphosphatotrimethylanilinium methylsul- 
phate (Andrews, Atherton, Bergel, and Morrison, 
1952; Burgen and Hobbiger, 1951), and Ro 3-0422, 
3-diethylphosphato-l-methyl quinolinium methyl- 
sulphate (Andrews, Atherton, Bergel, and Morrison, 
1954; Hobbiger, 1954). 


METHODS 


Two methods were used to determine the efiectiveness 
of the antagonist in reducing the toxicity of the anti- 
cholinesterase. In the first, the animals were given doses 
of the antagonist already known to provide the maximum 
possible protection and the toxicity (LDSO) of the 
anticholinesterase then determined. A similar procedure 
has been adopted in assessing protection against the 
toxic effects of OMPA (DuBois et al., 1950), of DFP 
and TEPP (Hamburger ef a/., 1951), and of TEPP 
(Clewe and Dreisbach, 1954). 

In the second method, the LD80 of the anticholin- 
esterase was given throughout; the dose of antagonist 
which reduced the mortality to 40°% was then determined. 
This experimental design has been used by Loew and 
Micetich (1948) in the assessment of adrenolytic activity 
and by Lewis and McKeon (1953) in determining the 
effects of antagonists on the mortality caused by twice 
the LDS50 of TEPP. 

Albino male mice of 18-24 g. body wt. were left unfed 
overnight before use. Each dose was administered to a 
group of at least ten, but usually twenty, mice. All 
drugs were injected into a tail vein in a total volume of 
10 ml./kg. When toxicity was determined in the 
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presence of one or more protecting antagonists, the drugs 
were mixed in a single solution, containing the required 
dose of each substance in 10 ml./kg. The test of each 
substance, or combination of substances, consisted of at 
least five, and usually ten or more, dose levels. Deaths 
always occurred within 20 min. of injection; 1 hr. was 
allowed before the final count. Since more than one 
day was usually required to accumulate sufficient results 
for a satisfactory dose-mortality curve, toxicity deter- 
minations in the presence of antagonists were always 
accompanied by the testing of one dose of anticholin- 
esterase alone on each day, to ascertain that the mor- 
tality was of the order originally observed. 

Solutions of TEPP for injection were made from a 1°% 
solution in propylene glycol by dilution with physiological 
saline; all other substances were dissolved in saline. 
The substances Ro 3-0412 and Ro 3-0422, being very 
readily hydrolysed, required careful protection from 
moisture in the solid state. 


RESULTS 


Toxicity in the Presence of Maximally Protective 
Doses of Antagonist 

Preliminary experiments established the smallest 
dose of each antagonist required for maximum 
protection against neostigmine. Atropine sulphate 
reduced the toxicity to one half when used at 
10 mg./kg. and no greater reduction was obtained 
with as much as 100 mg./kg. When given alone, 
10 mg./kg. had no detectable effects, being well 
below the toxic range of the drug. Tubocurarine 
chloride gave maximum protection at 0.1 mg./kg., 
which is fully paralysing and just non-lethal when 
given alone. With doses of neostigmine less than 
six times the normal toxic level, mutual antagonism 
allows these combinations to be both non-lethal 
and non-paralysing. Doses of 40 mg./kg. of 
hexamethonium iodide were required for full pro- 
tection; this level is within the toxic range of the 
drug, but here, again, mutual antagonism permits 
combinations which are non-toxic where the dose 
of neostigmine is insufficient to make them lethal. 

The results of tests upon each of the four anti- 
cholinesterases studied are given in Table I. The 
figures quoted in parentheses under the heading of 
LDSO are confidence limits for 95% probability, 
calculated by the method of Litchfield and Fertig 
(Litchfield and Wilcoxon, 1949). The probit 
regression lines from which the values were obtained 
are shown in Fig. 1; they were fitted to the points 
by eye and x? values for goodness of fit were cal- 
culated by the method of Fisher described by 
Finney (1952). The corresponding P values were 
0.9 or more and none was below 0.5. 

The protection afforded by the various antagon- 
ists has been calculated from the LD50’s, and the 
method used is illustrated by the following example. 
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TABLE I 


TOXICITIES OF FOUR ANTICHOLINESTERASE DRUGS, 
NEOSTIGMINE, TEPP, Ro 3-0412 (3-DIMETHYLPHOSPHATO- 
TRIMETHYLANILINIUM METHYLSULPHATE) AND Ro 3- 
0422 (3-DIETHYLPHOSPHATO-1-METHYLQUINOLINIUM 
METHYLSULPHATE), ALONE, A, AND INJECTED WITH 
B, ATROPINE, 10 MG./KG.; C, TUBOCURARINE, 0.1 MG./ 
KG.; D, HEXAMETHONIUM, 40 MG./KG.; E, ATROPINE, 
10 MG./KG. WITH TUBOCURARINE, 0.1 MG./KG.; F, 

















ATROPINE, 10 MG./KG. WITH HEXAMETHONIUM, 40 
MG./KG.; G, ATROPINE, 10 MG./KG. WITH TUBOCURA- 
RINE, 0.1 MG./KG. AND HEXAMETHONIUM, 40 MG./KG. 
(See Fig. 1) 
: . No. of 
Anticholin- : ; 
eameaene Test ice Slope | LDSO (mg./kg., P=0-05) 
Used 
Neostigmine A 600 7-75 0-306 (0-296 — 0-315) 
B 260. 10-6 0-66 (0-636 — 0-685) 
Cc 70 8-9 4:19 (3-83 - 4-61) 
D 220 6-66 4:50 (418 —- 4-83) 
E 70 9-06 8-27 (7-53 —- 9-08) 
F 200 10-015 ; 15-56 (14:8 -16-33) 
G 60 10-33 15-05 (13-9 -16-3) 
TEPP A 260 5-7 0-20 (0-185 — 0-216) 
B 180 14-9 0-56 (0:54 —- 0-582) 
Cc 60 9-9 0-73 (0-673 — 0-783) 
D 180 18-35 0-666 (0-644 — 0-688) 
E 70 5-94 0:95 (0-827 — 1-09) 
F 230 12-5 0:76 (0-732 — 0-79) 
G 80 6°73 0-98 (0-875 — 1-098) 
Ro 3-0412 A 300 4-17 0-497 (0-45 —- 0-547) 
B 200 3-0 1:69 (1-56 — 1-83) 
le” 70 10-3 7-25 (6-72 —- 7-82) 
D 200 2-72 3-11 (2-92 —- 3-31) 
E 60 7:85 9:25 (8-33 -10-28) 
F 200 4-34 12-5 (11-2 -14-0) 
G 50 5-66 13-5 (11-6 -15-7) 
Ro 3-0422 A 340 10-2 0-024 (0-0232- 0-0249) 
B 200 28-9 0-044 (0-043 -— 0-045) 
cj 70 18-15 0-345 (0-305 — 0-39) 
D 200 11-6 0-10 (0-0954— 0-105) 
E 60 16-4 0-686 (0-652 — 0-722) 
F 200 5-04 1:74 (1:54 — 1-96) 
G 60 6°87 2:37 (2:08 —- 2-70) 

















The LDSO of neostigmine, when given with atropine, 
is increased from 0.306 mg./kg. (test A) to 0.66 mg./ 
kg. (test B); in this combination it thus exerts 
only 0.306/0.66, or 46.4% of its original toxicity. 
We may therefore consider that 53.6% of its toxicity 
is antagonized by the atropine. This becomes, 
generally, 


Protection %= 100 (1 - 





LDS0 without antagonist 
LDSO with antagonist 


Values obtained in this way have been tabulated in 
Table II. 

The figures in this table provide evidence for 
some degree of differentiation between the toxic 
actions of the anticholinesterase drugs studied. 
Atropine, for example, has a greater effect upon the 
toxicity of TEPP and of Ro 3-0412 than it has upon 
that of neostigmine or Ro 3-0422. Again, TEPP 
is the least susceptible to antagonism by both 
tubocurarine and hexamethonium. Against both 
Ro 3-0412 and Ro 3-0422, tubocurarine is a more 
effective antagonist than hexamethonium, and 
addition of atropine hardly increases the protection 
by tubocurarine, although it does against neostig- 
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TABLE II 


PROTECTION OBTAINED AGAINST THE TOXICITY OF 

ANTICHOLINESTERASE DRUGS BY INJECTION TOGETHER 

WITH ATROPINE, TUBOCURARINE, AND HEXAMETHON- 

IUM, SEPARATELY AND IN COMBINATION, CALCULATED 
FROM THE FIGURES IN TABLE I 








Test Protection % 
Antagonists (See 
Table| Neo- | yepp Ro Ro 
I) stigmine . 3-0412 | 3-0422 





Atropine B 53-6 64-3 70-6 45-5 
Tubocurarine Cc 92-7 72-6 93-1 95-0 
Hexamethonium D 93-2 70-0 84-0 76-0 
Atropine + 

tubocurarine E 96:3 78-3 94-6 96-5 
Atropine + 

hexamethonium .. F 98-0 73-7 96:0 98-6 
Atropine, tubocurarine 

+ hexamethonium G 98-0 79-6 96-3 99-0 




















mine and TEPP. 
hexamethonium give greater protection than does 
hexamethonium alone. Except with TEPP, addi- 
tion of hexamethonium augments the protection 
obtained with a combination of atropine and tubo- 
curarine. TEPP is also exceptional in that addition 
of tubocurarine further increases the protection by 
atropine plus hexamethonium. These differences 
are discussed more fully below. 

Against TEPP, the maximum protection possible, 
with all three antagonists together, is about 80%, 
whereas against the other three anticholinesterases 
it is more than 95%. With neostigmine and 
Ro 3-0422, indeed, the protection could be as high 
as 98% and 99%, respectively. The greater resis- 
tance shown by TEPP toxicity could be due to the 
simultaneously injected antagonists having insuffi- 
cient time to exert protection at sites to which 
TEPP might penetrate more readily. Tests were 
therefore performed by injecting the antagonists 
subcutaneously 30 min. before the intravenous 
injection of the anticholinesterase. Both neostig- 
mine and TEPP were tested in this way. The 
results showed that the protection conferred by 
atropine and by hexamethonium was indistinguish- 
able from that found with simultaneous intravenous 
injection. 


50% Protective Dose of Antagonist 


Fig. 2 demonstrates the derivation of the index 
which we have used to compare the protective 
effects of the antagonists against normal lethal levels 
of the anticholinesterases. That dose of antagonist 
which, injected with the LD80 of the anticholin- 
esterase drug, reduces the mortality to 40% we have 
called the PDS50. The relation between dose of 
antagonist and the mortality probit of the mixture 
is not strictly linear and the PDS50O’s derived by 
interpolation lack the: precision of the results 
obtained by the previous method. As each of the 


In all combinations, atropine and . 
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Drug Log Dose Antagonist 


Fic. 2.—Definition of PD50 value. The regression line onthe right 
relates mortality to dose of antagonist injected together $with the 
LD80 of toxic drug. 

drugs in the mixture contributes a source of variance, 

too great a significance should not be attached to 

small differences. It has been feasible only to use 
each antagonist singly, and the values are given in 

Table III. 


TABLE III 


PDSO VALUES (FIG. 2) FOR ATROPINE, TUBOCURARINE 
AND HEXAMETHONIUM AGAINST NEOSTIGMINE, TEPP, 
Ro 3-0412 AND Ro 3-0422 














PDSO (mg./kg.) 
Anti- 
cholinesterase Atropine | Tubocurarine we. 
Neostigmine 0-31 0-023 0-53 
EPP = 0-78 0-02 1-1 
Ro 3-0412 3-1 0-027 5-0 
Ro 3-0422 2-45 0-01 5-4 








It is clear that the effectiveness of an antagonist 
will be inversely related to the PDSO. In Table III 
it may be seen, for example, that neostigmine is 
the most sensitive to antagonism by both atropine 
and hexamethonium, whereas Ro 3-0422 is most 
readily antagonized by tubocurarine. The values 
thus bear little relation to those ebtained by the 
first method. This is clearly shown in Table IV, 
where the effectiveness of the three antagonists, as 
determined by each of the methods used, is expressed 
relative to the values obtained with neostigmine. 


4 DISCUSSION 


A drug which has several different pharmacologi- 
cal actions may, on administration in increasing 
doses, be lethal from the combined effects of these 
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TABLE IV 


EFFECTIVENESS OF ATROPINE, TUBOCURARINE AND 
HEXAMETHONIUM AGAINST THE TOXICITY OF ANTI- 
CHOLINESTERASE DRUGS, RELATIVE TO THEIR EFFEC- 
TIVENESS AGAINST NEOSTIGMINE, AS MEASURED BY 
PDSO (TABLE Ill) AND BY THE VALUES FOR PROTECTION 
































IN TABLE II 
Ratio of PD50 Ratio of % Protection 
(Table ITD (Table ID 
: : 
Anticholin-| 2 2 - 2 2 7 
esterase a. 1 Dae} 7 1-5 Dae) 
2 £3 5 S Ss gs 
3 35 oo g 35 vo 
< i) =e < eo =eé 
Neostig- 
mine .. 1-0 1-0 1-0 1-0 1-0 1-0 
TEPP .. 0-4 1-15 0-48 1-2 0-785 0-75 
Ro 3-0412} 0-1 0-85 0-1 1-32 1-0 0-9 
Ro 3-0422} 0-125 2:3 0-1 0-85 1-025 0-815 
actions. If the subject can be protected from one 


action of the drug, greater doses may be tolerated. 
If protection against each of the actions can be 
achieved in turn, it should be.possible to obtain in 
this way some measure of the contribution of each 
to the total toxicity. 

One practical difficulty is, however, that the 
protecting drug, or antagonist, may not be absolutely 
specific for any one type of site. Atropine, for 
instance, can interfere with the central actions of 
anticholinesterases (Modell and Krop, 1946; Wescoe 
et al., 1948; Douglas and Matthews, 1952) and is 
capable of blocking ganglionic transmission (Feld- 
berg and Vartiainen, 1934; Cahen and Tvede, 
1953). Tubocurarine may paralyse autonomic 
ganglia (Brown and Feldberg, 1935; Eccles, 1943) 
and can exert central actions (Salama and Wright, 
1950) which may themselves be modified by atropine 
(Salama and Wright, 1952). Hexamethonium, 
although predominantly active at the ganglionic 
synapse and with a negligible action at the myo- 
neural junction, may also have a central action 
(Laurence and Stacey, 1952). 

By comparing the appropriate toxicity values, 
according to the procedure used to obtain the 
values for protection given in Table II, the amount 
of additional protection conferred by one anta- 
gonist when given with another may be calculated. 
Some of the values thus obtained are presented in 
Fig. 3. In some combinations protective actions of 
the antagonist appear to reinforce each other 
simply; this is seen with neostigmine and Ro 3-0422 
antagonized by atropine and tubocurarine; and in 
the antagonism of Ro 3-0412 by atropine and 
hexamethonium. Here each antagonist exerts the 
same degree of protection whether given alone or 
with the other. In such cases it may well be 
permissible to deduce the relative activities of the 
anticholinesterases at the site of action charac- 
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Fic. 3.—Protection obtained against the toxicity of four anti- 

cholinesterase drugs by atropine, tubocurarine and hexamethon- 
ium, alone and in combination. (Calculated from values in 
Table I.) (a) Protection due to atropine. B. Alone. (Cal- 
culated from tests Band A.) E. In the presence of tubocurarine. 
(Calculated from tests E and C.) F. In the presence of hexa- 
methonium. (Calculated from tests F and D.) (6) Protection 
due to tubocurarine. C. Alone. (Calculated from tests C and 
A.) E. In the presence of atropine. (Calculated from tests E 
and B.) G. In the presence of atropine and hexamethonium. 
(Calculated from tests G and F.) (c) Protection due to hexa- 
methonium. D. Alone. (Calculated from tests D and A.) 
F. In the presence of atropine. (Calculated from tests F and B.) 
G. In the presence of atropine and tubocurarine. (Calculated 
from tests G and E.) 


Neostigmine TEPP 


teristic of each antagonist. We may conclude, for 
example, from Table II, that the toxicity of neostig- 
mine derives more from effects at ‘* muscarinic ” 
sites than does that of Ro 3-0422, whereas effects 
at the neuromuscular junction are greater with 
Ro 3-0422 than with neostigmine. 

Greater antagonism than would be accounted for 
by simple reinforcement is exerted by atropine and 
hexamethonium together against both neostigmine 
and Ro 3-0422; this may indicate synergism. Since 
the administration of all three antagonists together 
is no more effective against these two drugs than is 
the combination of atropine and hexamethonium, 
it may be deduced that the protective properties of 
tubocurarine and hexamethonium overlap to some 
extent. With TEPP all, and with Ro 3-0412 most, 








304 M. W. PARKES and P. SACRA 


of the combinations of antagonists afford less 
protection than would result from simple rein- 
forcement, indicating overlap of effectiveness. This 
would seem to mean that the scope of action of an 
antagonist varies according to the anticholinesterase 
concerned; it is not clear why this should be so. 

The results differentiate in several ways between 
neostigmine and Ro 3-0422 on the one hand and 
between TEPP and Ro 3-0412 on the other. TEPP 
and Ro 3-0412 are more susceptible to antagonism 
by atropine, and show a greater proportion of 
residual toxicity than do the other two compounds, 
whereas atropine and tubocurarine antagonize, 
without interaction, only neostigmine and Ro 
3-0422. It is of interest that Hobbiger has shown 
(Burgen and Hobbiger, 1951; MHobbiger, 1954) 
that these two pairs of substances differ in 
the ratios of their in vitro activities towards true 
and pseudo-cholinesterase, neostigmine and Ro 
3-0422 being 6 and 3.3 times as active against true 
as against pseudo-, respectively, whereas TEPP and 
Ro 3-0412 are 15 and 12 times as active against 
pseudo- as against true. Residual toxicity is very 
much greater with TEPP than with any of the other 
drugs. As the latter all differ from TEPP in that 
they are quaternary salts, it might be suspected that 
this points to differences in solubility, and hence in 
distribution. But Grob and Harvey (1949) have 
shown that TEPP has little lipoid solubility and so 
does not differ from quaternary salts in this respect. 

A further point of interest concerns the nature 
of the toxicity remaining in the presence of all three 
antagonists. The ultimate cause of death appears 
to be respiratory failure even when, in the presence 
of antagonists, 100 times the normal lethal dose is 
necessary. De Candole, Douglas, Evans, Holmes, 
Spencer, Torrance, and Wilson (1953) have shown, 
for various organophosphorus anticholinesterases, 
that the contributory factors to the respiratory 
failure are, primarily, inhibition of the centre and, 
secondarily, bronchoconstriction and neuromuscular 
block. Douglas and Matthews (1952) found that 
atropine will protect against central failure and 
bronchoconstriction, and it might be expected that 
tubocurarine could relieve the depolarizing type of 
neuromuscular block (Dallemagne and Philippot, 
1952). The mechanism, at least of the central 
inhibition, however, must be beyond the complete 
control of these antagonists, since, even in the 
presence of maximally protective doses, a sufficient 
amount of anticholinesterase can kill by respiratory 
failure. 

The method depending on maximum protection 
involves giving doses of anticholinesterases many 
times the normal lethal levels. The distribution and 
mode of action of such large doses may not be the 


same as with small doses. It is, therefore, doubtful 
whether the relative activities at various sites 
determined by modification of the toxicity of very 
high doses will indicate the relative importance of 
these actions at normal toxic dose levels—still less 
at sub-lethal levels. For this reason the second 
method, using the LD80 of the anticholinesterase, 
was adopted. It requires lower doses of the anta- 
gonists and thus is likely to favour the characteristic, 
rather than the less typical, action of each antagonist. 
This method might, therefore, give a truer picture 
of the distribution of toxic activity of an anti- 
cholinesterase drug. 

There are certain differences between the results 
by the two methods. Thus, of the four anti- 
cholinesterases, both methods place Ro 3-0422 as 
the most susceptible to tubocurarine and as rela- 
tively little, or least, affected by atropine, and 
neostigmine as most strongly antagonized by hexa- 
methonium. The PDSO method shows, however, 
that low doses of neostigmine are more sensitive 
to atropine than are the higher doses used in the 
other method. This could indicate that the distri- 
bution or mode of action of neostigmine may differ 
with the dose level. Although TEPP and Ro 3-0412 
are most affected by atropine by the first method, 
they are least affected in the PDS50 method. Besides 
the possibility of differences in distribution and 
mode of action, the overlap between atropine and 
the other antagonists may be concerned in these 
differences. 


SUMMARY 


1. The toxicity of four anticholinesterases— 
neostigmine, TEPP, and the two synthetic com- 
pounds, Ro 3-0412 and Ro 3-0422—has been 
analysed by comparing the effects of antagonism 
by atropine, tubocurarine, and hexamethonium, 
singly and in combination. Two methods were 
used. One measured the toxicity in the presence of 
maximally protective doses of antagonist; the other 
determined the amount of antagonist (PDS50) 
required to halve the mortality of the LD80 of 
anticholinesterase. 

2. The first method appears to differentiate 
between neostigmine and Ro 3-04822 on the one 
hand and between TEPP and Ro 3-0412 on the 
other. Against the first two, atropine and tubo- 
curarine seem to act independently; combined 
protection by all three antagonists together is high. 
The second two are more strongly antagonized by 
atropine, but all antagonists seem to overlap in 
function; protection by combined antagonists is 
particularly low against TEPP. 

3. By both methods Ro 3-0422 is most sus- 
ceptible to tubocurarine and relatively little affected 
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by atropine, but with neostigmine the results 
depend upon the method used, low doses being 
strongly antagonized by atropine. These and other 
differences between the results afforded by the two 
methods may indicate that the distribution of the 
drugs, or their mode of action, varies with change 
in dose level. 


Our thanks are due to Dr. A. L. Morrison and the 
Directors of Roche Products Ltd., for permission to 
publish this work. 
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CYTOTOXIC AGENTS: IV, THE CARCINOGENIC ACTIONS 
OF SOME MONOFUNCTIONAL ETHYLENEIMINE 
DERIVATIVES 


BY 


A. L. WALPOLE, D. C. ROBERTS, F. L. ROSE, J. A. HENDRY, anp R. F. HOMER 
From Imperial Chemical Industries Ltd., Hexagon House, Manchester, 9 


(RECEIVED MARCH 13, 1954) 


In earlier papers in this series (Part I, Hendry, 
Rose, and Walpole, 1951; II and III, Hendry, 
Homer, Rose, and Walpole, 195la and b) we 
described the tumour growth-inhibitory and cyto- 
toxic activity of some methylolamides, epoxides, 
and ethyleneimines. We reported that a few had 
been found to be mutagenic and a few carcino- 
genic. We also suggested a possible mode of 
action for these compounds and for related sub- 
stances of the “ mustard” class. 

Compounds of these functional types have been 
studied widely during the past few years. Interest 
was stimulated by the hope of finding among them 
agents for the treatment of neoplastic disease. 
Hence in most instances they were examined 
initially for growth-inhibitory activity against 
animal tumours and for the distinctive type of 
cytotoxic action which came to be associated with 
it (chromosome fragmentation and bridge forma- 
tion). Testing for mutagenic and carcinogenic 
activity was at first restricted to a few of the active 
inhibitors of tumour growth. The results sug- 
gested that the inhibition of normal and malignant 
growth and the induction both of mutations and 
of tumours might be due to a single type of cyto- 
toxic activity, and that the capacity to inhibit 
tumour growth and to elicit the associated cyto- 
toxic changes was limited, in the main, to poly- 
functional derivatives—compounds containing at 
least two chemically reactive groupings in the 
molecule. Since the corresponding monofunc- 
tional derivatives were found, with few excep- 
tions, to be devoid of both these properties, the 
general tendency was to conclude that they would 
be inactive also as mutagens and carcinogens. 

This conclusion was premature. A publication 
by Rapoport (1948) recording the mutagenic acti- 
vity of ethyleneimine and some simple mono- 
epoxides was at first overlooked, but several 
workers, two years later, reported similar activity 
in -chloroethylamines (Stevens and Mylroie, 


1950; Auerbach and Moser, 1950 ; Jensen, Kirk, 
and Westergaard, 1950). In Part III of the present 
series we reported the induction of sarcomata in 
rats with stearoylethyleneimine, and, in a footnote, 
mentioned that we ‘had found myristoyl- and 
caproylethyleneimine to be active in the same 
sense. We explained our reasons for testing 
stearoylethyleneimine as a carcinogen. Activity 
was predicted on the supposition that, by the 
packing together of its fatty chains, this substance 
would tend to form micelles bearing regularly 
spaced reactive ethyleneimine groups. It was the 
first compound of the chemical type under discus- 
sion in which we were able to demonstrate carcino- 
genic activity in the absence of marked tumour 
inhibitory activity. 

Since the tendency towards micelle formation in 
linear hydrocarbon derivatives with polar end 
groups falls off as the hydrocarbon chain is 
shortened, we have now prepared and examined 
lower homologues in the acylethyleneimine series. 
In addition, several alkylsulphonylethyleneimines 
have been synthesized, and 8-propiolactone (Table 
II, 21) has been included for test. This substance 
was found by Smith and Srb (1951) to be muta- 
genic, and is, in fact, analogous to ethyleneimine 
in structure and chemical reactivity. 

Finally, a series of compounds has been pre- 
pared, based, first, upon the carcinogenic activity 
of 4-dimethylaminoazobenzene (Butter Yellow), 
and, second, upon the unexpecfed activity as a 
tumour inhibitor of hexamethylmelamine. The 
suggestion has already been made (Part III, p. 405) 
that in vivo oxidation of a methyl group to labile 
methylol in both these compounds precedes their 
action in the cell. Since the replacement of the 
dimethylamino residues of the melamine derivative 
by ethyleneimino groups produces a dramatic in- 
crease in tumour growth-inhibitory activity it was 
concluded that a similar modification of Butter 
Yellow, giving 4-ethyleneiminoazobenzene, might 
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lead to a corresponding increase in carcinogenic 
potency. Unfortunately we were unable to make 
this substance, but a related compound (16) con- 
taining an additional ureido residue, was prepared. 
Compound 17 was a variation on the same theme, 
as were several other substances (18, 19, and 20) 
carrying the dimethylamino group. 


METHODS 


Throughout the experiments to be described, our 
animals were housed upon sawdust in galvanized wire 
mesh cages and were allowed to feed at will upon a 
composite diet in pellet form with tap water freely 
available at all times. The diet, obtainable from 
Scottish Agricultural Industries Ltd. has the following 


percentage composition by weight: La 

aig 
Ground barley .. 26.5 Dried skimmed milk 13.0 
Ground oats .- 18.5 Meatand bone meal 8.6 
Bran - .. 18.3 White fish meal .. 4.4 
Maize meal am 8.6 Dried yeast he 1.3 
Salt ne ‘ 0.4 “Nuclo” .. ve 0.4 


““Nuclo”’ is a proprietary vitamin concentrate con- 
taining 800 1.U. of vitamin A and 100 B.S.I. units of 
vitamin D, per g. 


Toxicity 

As a preliminary to further examination, toxicity tests 
were carried out on each compound in mice and rats. 
The compound was dissolved in arachis oil or, if insuffi- 
ciently soluble, suspended in it by milling. In some 
cases, where solubility in water permitted, aqueous 
solutions also were prepared. Solutions and suspensions 
were stored at 4° C. and where marked instability was 
suspected were made up freshly before injection. Each 
compound was given first to stock albino mice, usually 
by intraperitoneal injection, in single doses of 1,000, 500 
250, 125, and 50 mg./kg., four mice being injected at 
each dose level. The animals were observed from time 
to time during the first hour or so for the more obvious 
signs of acute pharmacological action, such as narcosis 
or convulsions, and deaths were recorded up to seven 
days. With the more toxic compounds, the range of 
doses was extended downward until a level was reached 
at which at least half the mice survived. 

On the basis of the results obtained in these acute tests 
in mice, doses were chosen for repeated administration 
to rats. Stock albino rats were injected intraperitoneally 
or subcutaneously, and in most cases by both routes, 
once daily for five successive days. A group of three 
animals was treated at each dose level; they were 
weighed each day before injection and the doses adjusted 
in proportion to the body weight. Daily weighing and 
the recording of deaths was continued up to the tenth 
day. 

The dose levels used in subsequent tests were based 
upon the results of these experiments in rats, the trends 
in body weight as well as deaths among the treated 
animals being taken into account. It was also borne in 
mind in testing for inhibitory activity against the growth 


of tumours that tumour-bearing animals are rather more 
susceptible than normal to the toxic action of many 
compounds. 


Carcinogenic Activity 


In the initial testing of compounds for carcinogenic 
activity, albino rats from our closed but randomly mated 
colony were used. Six male and six female rats, each 
weighing between 80 and 120 g. at the start of experiment, 
were treated with each compound. The latter, dissolved 
or suspended in sterilized arachis oil, was injected sub- 
cutaneously, twice weekly, in the right flank of the 
animals. The oil was sterilized by heating at 140° C. 
for 1 hr. The rats were weighed before each injection 
and the dose made proportional to the body weight. 
The dose level was, in most cases, near the maximum 
tolerated. Rats which on any occasion were found to 
have lost weight since the previous injection, or which 
were obviously ill, were not injected again until the weight 
loss had been made good or condition regained. The 
duration of treatment was variable. With some com- 
pounds, twice weekly injections were continued until 
after local tumours had begun to appear, with others it 
was discontinued earlier, in some instances when only 
ten doses had been given, whereas in a further series of 
experiments only one dose of each compound under 
test was given. 

The volume of fluid given at each injection ranged 
from 0.1 to 0.5 ml./100 g. body wt., and the total volume 
received by the rats in different groups differed widely. 
In control groups rats were given arachis oil alone in 
total doses up to and exceeding the largest amount given 
with any of the compounds tested. 

After the last injections had been given, the rats were 
inspected daily and examined at about fortnightly 
intervals. As will be seen from the Tables I and II, 
tumours developed at the injection site in a high pro- 
portion of the treated animals. These tumours could 
usually be distinguished at an early stage, by palpation, 
from the subcutaneous accumulations of oil which were 
often still present when the tumours first appeared. 
The approximate time of their first appearance is recorded 
in the tables. 

Tumours of various kinds developed at other sites in 
a number of animals. According to type and location, 
some were found before death, others at autopsy. 

A few rats died unexpectedly in the course of experi- 
ment, either while still under treatment or later, and 
death in some instances was not discovered until some 
hours after it had occurred. A few rats became very 
ill—usually as a result of intercurrent pulmonary infec- 
tion—and were killed when death seemed imminent. 
The bodies of all these animals were carefully examined. 
Any tumours found and the liver, kidneys, adrenals, 
spleen, pancreas, lungs, heart, testes or ovaries and one 
or more lymph nodes were sectioned for study. This 
was omitted, however, where the bodies of animals 
when found were too far decomposed to make histo- 
logical examination profitable. From a few rats dying 
unobserved, tumours known to have been present had 
been eaten away when their bodies were discovered. 
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Most of the injection-site tumours were allowed to 
grow until their existence as progressively growing 
neoplasms appeared beyond doubt. None was observed 
to regress. When they began seriously to inconvenience 
the rats bearing them, the latter were killed and a careful 
post-mortem examination carried out. The local 
tumour, any other tumours found, and the main organs 
were taken for section from each animal. 

In some cases the local tumour was first exposed 
under aseptic conditions and fragments from the peri- 
phery implanted subcutaneously, by trochar and can- 
nula, into six to ten young adult stock rats of body wt. 
about 100 g. Most of the tumours failed to grow in 
any of the recipient animals when transplanted in this 
way. This is attributed to the fact that the rats used in 
these experiments were from a randomly mated stock. 
Either of the two following procedures was therefore 
adopted with other rats which developed tumours at the 
injection site. In the first, the rat was anaesthetized 
with ether and the tumour excised as completely as 
possible. A fragment was then implanted subcutaneously 
in the opposite flank of the animal from which it had 
been taken (autologous transplantation). Alternatively, 
fragments of tumour were implanted subcutaneously in 
the ventral cervical region of very young stock rats. 
The latter were less than 48 hrs. old and were anaesthe- 
tized for operation by placing them for 10 min. or so in 
the freezing compartment of a domestic refrigerator. 
The operative mortality in such experiments was zero. 

Autologous transplantation was invariably successful 
and the resulting tumours were never observed to regress. 
The proportion of tumours which grew on transplanta- 
tion into very young rats was also significantly higher 
than when young adults were used. 

The rats not already accounted for were killed at 
about two years from the start of experiment. They 
comprised animals which had not developed externally 
detectable tumours by that time, together with those in 
which such tumours were still quite small. Jf a tumour 
was known to be present or if anything suggestive of 
neoplasia was found at autopsy, a full histological 
examination was carried out. The main organs were 
taken for section at autopsy also from all animals in the 
control groups treated with arachis oil alone. 

Later experiments with acyl ethyleneimines of inter- 
mediate chain length dissolved in a polyethylene glycol, 
Carbowax 300, and with lower members of this series in 
aqueous solution, were identical in general plan with 
those using arachis oil. Ethyleneimine itself was also 
tested in aqueous solution, being freshly dissolved, on 
each occasion upon which it was given, in CO,-free 
distilled water. Details of dosage are given in Table III. 
Tests upon aqueous f-propiolactone are in progress and 
controls with distilled water have also been set up. 

In our experiments on mice we used randomly bred 
stock albino mice (designated W in the Tables), and 
inbred mice of strains C,Hf and C, raised from animals 
obtained from Dr. J. G. Carr and Dr. H. B. Andervont 
respectively. The compounds chosen for test were 
dissolved in sterilized arachis oil and the solutions 
injected subcutaneously, twice weekly, into groups of 
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20 mice, each of which weighed about 20 g. The initial 
dose was usually near the maximum tolerated, and the 
same dose was given to each mouse throughout the 
period of treatment irrespective of body weight changes. 
However, mice which at any time seemed ill were not 
injected again until they appeared to have recovered. 
The volume of solution given at each injection varied 
from group to group, from 0.2 ml./mouse in the earlier 
experiments to 0.025 ml. in the later. The duration of 
treatment and the total quantity of compound and of oil 
given were also variable. In control groups, mice were 
given arachis oil alone at comparable levels and for 
comparable lengths of time. 

In these experiments many mice died at a comparatively 
early stage as a result either of the toxic action of the 
substances given, of intercurrent infection, or of both. 
A detailed post-mortem examination was not carried out 
upon those which succumbed in any group before the 
first injection-site tumour in that group was detected. 
All animals which died or were killed thereafter were 
carefully autopsied but, as a rule, tissues were taken for 
histological examination only from those in which 
tumours were detected macroscopically. 


Tumour Inhibition 

Our standard procedure for testing substances for 
tumour growth-inhibitory activity, using the Walker 
carcinoma 256 in rats, has been described in detail in 
an earlier paper (Walpole, 1951). 


Cytotoxic Action 

The method for assessing the capacity of compounds 
to induce, in dividing cells of the Walker carcinoma 
growing in rats, effects of the kind regarded as charac- 
teristic of tumour growth-inhibitory substances of the 
** radiomimetic ”’ class has also already been described 
(Part I). 

RESULTS 

Carcinogenesis 

The subcutaneous injection-site tumours, which 
constituted a majority of the neoplasms, were 
mostly sarcomata of spindle, round or mixed cell 
type. Where diagnosis was based solely upon 
microscopic appearances within the tumour, the 
time of first recognition is shown in the tables in 
parenthesis. Otherwise local infiltration into the 
skin or into the subjacent muscle, or into both, 
was found. The tendency for thase tumours to 
metastasize was not marked ; metastases in distant 
organs were found in very few animals. 


Table I1—The subcutaneous injection of arachis 
oil alone in a total dose of 5 ml. or more per 100 g. 
rat gave rise to local sarcomata in a number of 
animals. ‘The yield was variable, being highest in 
a group in which the total dose of oil was 7 ml./ 
100 g. body wt. and in-which five of the twelve 
animals were affected. The sarcomata in these 
control groups developed comparatively late in the 
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TABLE I 
THE INCIDENCE OF NEOPLASMS IN RATS GIVEN ARACHIS OIL ALONE BY SUBCUTANEOUS INJECTION 


An asterisk against the figure for the time of death of a rat indicates that the animal was found dead and in an advanced state of 

post-mortem decomposition and thal no tissues were taken for section. The letter M indicates that metastases were found. 

Animals in which more than one tumour was found are identified by a number written as a superscript to the left of the figures for the 

time of recognition or finding of the tumours. Where the time of first recognition of a local sarcoma is shown in parenthesis the 
diagnosis was based solely upon microscopic appearances within the tumour 











No Total Sarcomata at Injection Site Other Neoplasms Rats Dead Without Tumours 
and oe be ee rn 
re) of O31 ime of First 
— ‘Dent poy 2 ey ed hie rapa 4 Hy - by. ane P No Time of Death 
ays ml. in Days from the ime when Foun 3 
Rats 100 g.) Affected) Start of Dosing Affected 
123 33 2°5 0 2 1 Anaplastic carcinoma in lung, 10 203, 610, 689*, 696*, 702, 
725 725, 768, 769, 769, 769 
1 eee cell tumour of testes, 
129 33 2°5 0 1 1 Carcinoma of uterus, 681 11 541*, 568, 570, 575, 625*, 
= 671, 725, 768, 768, 
103 67 5-0 1 568 = 1 Anaplastic carcinoma of pan- 7 | 441. 595, 621, 676, 676, 
creas, 371 676, 676 
1 _ cell adenoma of pancreas, 
676 
9° 67 5-0 0 3 1 Mammary fibroadenoma, 595 6 209, 580, 582, 595, 671, 671 
1 Fibroma at injection site, 643 
1 Carcinoma of uterus, 671 
63 97 7-0 4 516, 571, 694, 722M 1 1 _ of the adrenal medulla, 1 740 
62 97 7:0 1 694 2 2 Uterine carcinomata, 595, 740 3 375, 664, 730 
63 103 14-2 1 1649 2 1 Anaplastic tumour in lung, 1649 4 | 28*, 495, 581, 702 
1 Pituitary adenoma, 630 
62 103 14-2 2 488, 661 1 1 Sarcoma adherent to liver, 397 3 509*, 600, 690 
Animals dosed daily, Saturdays and Sundays excluded 
123 300 39-7 1 576 0 11 73, 253, 322, 329, 383, 435, 
S72, S72, Siz; S75, 545 
129 300 39-7 4 421, (537), 544, (7575) 1 1 Caecal adenoma, 7575 8 30, _S 501, 575, 575, 





























experiment, the earliest appearing at about 421 
days. Of the other miscellaneous neoplasms which 
occurred in control animals given arachis oil, the 
commonest was carcinoma of the uterus, which 
was encountered in four out of a total of 45 female 
rats. To what extent these miscellaneous tumours 
may be attributed to the oil is uncertain. 


Table II—Most of the acylethyleneimines 


CH, 
tested, of the general type R.CO.N 


H 

(Nos. 1, 3, 5-10) when injected repeatedly in ‘oil, 
gave a high yield of local sarcomata, most of 
which appeared before the first in the control rats. 
A crude sample of stearoylethyleneimine (2) con- 
taining unsaturated material, probably the oleoyl 
homologue, behaved similarly, whereas a pure 
sample appeared less potent. With lauroylethylene- 
imine (4) only one of the twelve treated rats 
developed a local sarcoma, and this did not appear 
until the 522nd day. In single dose experiments 
only one sarcoma was obtained, and _ that, 
strangely enough, with lauroylethyleneimine. It 
was detected 123 days from the start of experi- 
ment. 

Tumours appeared particularly early and in all 
but one of the rats given 4-chloro-6-ethyleneimino- 
2-phenyl-pyrimidine (12). N-cycloEthyleneureido- 





azobenzene (16) produced local sarcomata in seven 
of the twelve rats treated with it, but only three 
of these had appeared by the 400th day and the 
total volume of oil given with this compound 
was large (7-8 ml.). Ethyleneimine itself (11) gave 
tumours in six of the group of twelve rats treated ; 
but of these also only three appeared before the 
400th day. 


Three ethyleneiminosulphonyl alkanes of the 
CH 

type R.SO.N rd d * were tested, the alkyl 
CH; 


radicals being heptyl (13), pentyl (14), and propyl 
(15) respectively. One mammary fibroadenoma 
was the only tumour obtained with these sub- 
stances. 

Of the four substances bearing the dimethyl- 
amino group, none gave a significant yield of 
early local sarcomata. Most of the rats injected 
with p-N _: N -dimethylureidoazobenzene (17) 
showed liver abnormalities. Sclerosis of portal 
tracts and bile-duct hyperplasia were common. In 
two animals bile-duct “ cystadenomata” were 
present, and, in another, a hepatoma. No study 
of the early liver changes produced by this com- 
pound has been made, but these observations are 
of interest in view of its relationship to Butter 
Yellow. 
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CARCINOGENESIS 


B-Propiolactone (21) behaved like the more 
active acylethyleneimines. 

A few neoplasms of types not encountered in 
the arachis oil controls were seen in rats treated 
with one or other of the ethyleneimine derivatives. 
They included carcinoma at the injection site, 
carcinoma of the auditory sebaceous gland, and 
leukaemia. Two of the rats given stearoylethylene- 
imine (2, (a) and (b)) developed a carcinoma at 
the injection site; one was of mammary origin, 
but the origin of the other was not determined. 
Two of the six female rats given diethylacetyl- 
ethyleneimine (7) had a mammary carcinoma in 
this region, and, in a third, the mass which devel- 
oped at the injection site was found to consist 
of two tumours, a sarcoma, and, contiguous with 
it, a carcinoma arising apparently from mammary 
tissue. This compound gave similar results when 
administered in Carbowax 300 (v. infra). In two 
of the rats given B-naphthoylethyleneimine (10), 
a sarcoma and a mammary carcinoma were found, 
side by side, at the injection site. Mammary 
fibroadenomata and carcinomata, more or less 
remote from the injection residue, were found in 
a few rats given other ethyleneimine derivatives, 
but it should be noted that mammary fibro- 
adenoma was seen in an arachis oil treated control, 
and such tumours have, in fact, been encountered 
in untreated rats of our stock. 

Carcinoma of the auditory sebaceous gland was 
found in a male rat given acetylethyleneimine (9), 
in two males given B-naphthoyiethyleneimine (10), 
and in one which received N: N-dimethylstear- 
amide (20). Tumours of this type, as is well 
known, are readily induced in rats of certain 
strains by the oral administration of 2-acetyl- 
amidofiuorene and have been encountered also in 
animals of this species following treatment with 
a variety of aromatic amines (v. e.g., Haddow, 
Harris, Kon, and Roe, 1948 ; Walpole, Williams, 
and Roberts, 1952). Their histogenesis has been 
described by Skoryna, Ross, and Rudis (1951). 
They have never been observed in untreated rats 
in Skoryna’s colony or in ours, or in rats of our 
stock treated with arachis oil alone. 

Two leukaemias, both lymphoid in type, and 
one lymphosarcoma were found in animals dosed 
respectively with diethylacetyl- (7), nonanoyl- (5), 
and myristoyl-ethyleneimine (3). A _ third leuk- 
aemia, probably of the same type, developed in a 
female rat given p-N:N-dimethylureidoazo- 
benzene (17). The incidence of “spontaneous ” 
lymphoid tumours in our stock is negligible. 

Mediastinal or intrathoracic sarcomata found in 
several rats carrying sarcomata at the injection 
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site may have been direct extensions or secondary 
deposits from the latter. In some instances clear 
evidence of direct extension was found. 


Table III.—The results listed in Table II are 
such as to suggest that ethyleneimine, certain 
mono-functional derivatives thereof, and £- 
propiolactone may be regarded as carcinogenic 
in the rat in their own right. In view, however, 
of the uncertainty as to the precise part played 
by the oil in the genesis of tumours in animals 
given these substances, other vehicles were used 
for their injection, and Table III records the results 
obtained employing Carbowax 300 and water. A 
high yield of local sarcomata is evident in the 
rats given each of three acylethyleneimines in the 
Carbowax. These tumours appeared between 142 
and 378 days after the first injections. In addition, 
mammary carcinoma developed at the injection 
site in one female rat given caproylethyleneimine 
(6), in two females and one male given nonanoyl- 
ethyleneimine (5), and in no less than five of the 
six females given diethylacetylethyleneimine (7). 
Four of these five animals had subcutaneous sarco- 
mata also at the injection site. 

In rats given Carbowax 300 alone, no injection- 
site tumours have appeared. In the group given 
the higher dose of this solvent (6.5 ml./100 g. body 
wt.) a rat which died on day 448 was found to 
have a poorly differentiated carcinoma of the pros- 
tate, and another, which died on day 565, a mam- 
mary fibroadenoma and an_ intra-abdominal 
carcinoma of undetermined origin. It is unlikely 
that any of these tumours was due to the Carbo- 
wax. 

In the series in which water was used as the 
vehicle for injection local sarcomata appeared in 
ten of the twelve rats given butyrylethyleneimine 
(8), in four of the group given acetylethyleneimine 
(9), and in one of those given ethyleneimine it- 
self (11). No other tumours have been encountered 
to date in the animals in this series, the experiments 
having now been running for 450—550 days. 

The yield of local tumours obtained .with 
butyrylethyleneimine given in water was compar- 
able with that obtained with the same substance 
in arachis oil. There are a number of factors 
which might account for the lower incidence with 
acetylethyleneimine when given in the former sol- 
vent. Among these may be mentioned the 
irritant action of the lower members of the acyl- 
ethyleneimine series, which is most apparent when 
they are given in water. Aqueous acetylethylene- 
imine injected subcutaneously causes local necrosis 
and ulceration, making repeated injection at the 
same site difficult and the dose uncertain. 
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318 A. L. WALPOLE AND OTHERS 


Table IV.—While the results recorded in 
Table III left little doubt that the tumours which 
developed with the ethyleneimine derivatives at 
the site of injection could be attributed to the 
direct action of these agents themselves, it was 
desirable to explore their carcinogenic potential- 
ities further by giving selected compounds subcu- 
taneously to mice. There is evidence that the 
connective tissues in this species are less sensitive 
to the action of low grade carcinogens than are 
those in the rat. Thus Burrows, Hieger, and 
Kennaway (1936) obtained subcutaneous sarco- 
mata in 6% of rats injected with lard alone, 
whereas neither these workers nor Andervont 
(1934) obtained any such tumours with this sub- 
stance in mice. Burrows (1932) studied the effect 
of repeated subcutaneous injection of various fats 
and oils (not, however, including arachis oil) in 
mice, and found that, although the tissues showed 
inflammatory changes, no sarcomata developed. 

The results of our experiments are recorded in 
Table IV, together with the time of death of 
animals in which no tumours were detected. No 
tumours appeared in control experiments (not 
tabulated) in which a group of 20 males of strain 
C,Hf was given arachis oil alone twice weekly. 
The survivors had each received 3.9 ml. when 
treatment was stopped on the 137th day. Nine 
died before the 52nd day, and three others on 
days 370, 382, and 454 respectively. The rest 
were alive and well at the time of writing (504 
days). In a repeat test, 14 out of 18 male mice 
of this strain have survived for more than 
267 days, each having been given a total of 3.7 ml. 
of oil. In a further similar experiment, started 
with 20 male mice of strain C, eleven died: by 
the 59th day and the rest looked ill. Treatment 
was discontinued, each of the survivors having had 
0.85 ml. of oil. Another mouse in this group 
died on day 230, and the rest between the 312th 
and 391ist day of experiment. In other tests in 
mice of this strain, 7 out of 15 males have survived 
for upwards of 342 days, and 4 out of 14 females 
for 232 days or more, the total volume of oil 
received by the mice surviving at these times being 
1.1 and 1.3 ml. respectively, and 8 out of a further 
13 females have survived for over 300 days, each 
having had 2.95 ml. of oil. 

Subcutaneous sarcomata have appeared at the 
injection site in mice with each of the six acyl- 
ethyleneimines. They appeared between 158 and 
501 days after the first injection. None of these 
tumours was observed to regress. Many were 
seen to infiltrate into the skin or subjacent tissues, 
but no distant metastases were found. .One or 


more of the sarcomata induced with each of the 
substances mentioned was transplanted subcu- 
taneously into mice of the same strain. Trans- 
plantation was successful in every case (compare 
experience with randomly bred rats) and the 
resulting tumours grew progressively until they 
killed their hosts. Serial transplantation was 
attempted with a few of the tumours. This again 
invariably succeeded, and has been carried with 
one tumour to the nineteenth generation. 
Mammary carcinoma arising at or near the in- 
jection site was seen in three, and uterine 
carcinoma in one, of the randomly bred mice 
given myristoylethyleneimine (3). Pulmonary 
adenomata were found in C,Hf mice in several 
groups, and one mouse of this strain given 
diethylacetylethyleneimine (7) developed leuk- 
aemia. In the absence of precise knowledge of 
the incidence of such neoplasms in our untreated 
mice, it is not possible to say what part, if any, 
was played by the compounds in their genesis. 


Tumour Inhibition 


Table V.—This table shows the results obtained 
when seven of the substances listed in Table II 
were examined for tumour inhibition. None pro- 
duced a greater inhibitory effect upon tumour 
growth than might be expected from its general 
“toxic” action, reflected in a reduction in the 
gain in gross weight of the tumour-bearing animals 
over the experimental period (cf. Walpole, 1951). 


Cytotoxic Action 


Table V.—The distinguishing features of the 
pertinent chromosome effects have already been 
described (Part I), and the abnormalities obtained 


with many of the substances now under test are’ 


recorded in column A of Table V. Qualita- 
tive observations upon the effects seen in the 
bone marrow are also included.* It will be seen 
that the extent of the specific changes produced 
by the most active of the present series must be 
regarded as slight compared with that obtained 
with tumour-inhibitory polyfunctional ethylene- 
imine derivatives (Part III). ¢ 


DISCUSSION 


Our earlier study of the ethyleneimines (Part IID) 
was mainly concerned with tumour inhibition, 


When numerous examples had been tested the con-' 


clusion was reached, as already mentioned, that 
tumour growth-inhibitory activity and the capacity 





* The cytological evaluation of ‘these preparations was carried out 
by Miss J. M. Gates. 
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to elicit the distinctive cytotoxic effects associated 
with it was limited in this series to polyfunctional 
derivatives. Some exceptions to this generaliza- 
tion were found, however. While a majority of 
the monofunctional compounds examined showed 
trace activity at the most, at least two, namely, 
2:4-dinitrophenylethyleneimine (Part III, Serial 
No. 257) and 2-ethyleneimino-4 : 6-dimethoxy- 
1:3:5-triazine (Part III, S.N.272), were more 
active. Even with these, very much higher doses 
were needed than with comparable bifunctional 
derivatives to produce a similar degree of inhibi- 
tion of tumour growth. It seems possible that the 
exceptional activity of these compounds is due to 
some special property of the system to which the 
single ethyleneimine residue is attached, by virtue 
of which that system, or some part of it, acts as a 
second functional group. It is perhaps signifi- 
cant that in each case highly polar substituents are 
present. 

At the same time we found that, while a pro- 
nounced inhibition of tumour growth was demon- 
strable with a majority of the polyfunctional 
ethyleneimines examined, a much less marked 
effect could be obtained with some few, and in 
particular with bifunctional carboxyethyleneamides 
such as bis-cycloethyleneadipamide (Part III, 
Table VI). This substance (Serial No. 285) pro- 
duced only 40% inhibition of the growth of the 
Walker tumour, but a 77% increase in mitoses 
showing specific abnormalities. Some doubt must 
now be attached to these figures, as we have since 
found that such bis-carboxyethyleneamides are 
less stable than was earlier supposed, and it is 
possible that at the time of test some decomposi- 
tion had already occurred. Their instability is 
thought to be due either to isomerization of a 
carboxyethyleneamide group to an oxazoline ring 
system, or to partial polymerization, neither of 
which processes can be readily detected by ele- 
mentary analysis. The high activity demonstrated 
with closely related bifunctional compounds con- 
taining the urea linkage (Part III, Serial Nos. 275 
and 277) is consistent with the greater stability 
which they are known to have. Similar considera- 
tions apply to derivatives of the sulphonethylene- 
imine series, which are unable to isomerize, and 
of which several were shown to be highly active 
(Part III, Table VI). 

Unfortunately, little information is as yet avail- 
able upon the carcinogenic potentialities of poly- 
functional ethyleneimine derivatives. We have 
already reported that _ triethylenemelamine 
(T.E.M.), given intravenously to Strong A mice, 
causes an increase in the incidence of pulmonary 


adenomata, and essentially similar results were 
obtained by Shimkin (1951). We failed, however, 
to induce neoplasia in stock albino mice by the 
repeated subcutaneous injection of this substance 
in aqueous solution (Part III, p. 398). It is, there- 
fore, of particular interest that in a recent and as 
yet unfinished experiment, we have obtained 
sarcomata in rats at the site of subcutaneous injec- 
tion of the compound in oil. Six male and six 
female, stock, albino rats were given twice-weekly 
injections of 0.01 mg. of triethylenemelamine in 
0.05 ml. of arachis oil per 100 g. body wt. in total 
doses of from 0.7 to 1.1 mg./100 g. Tumours 
have so far appeared in eight of these animals, five 
males and four females, at times ranging from 
241 to 322 days from the start of experiment. On 
histological examination these proved to be mixed 
cell or spindle cell sarcomata, infiltrating adjacent 
muscle. The substance is, therefore, more active 
as a carcinogen than any of the monofunctional 
ethyleneimines so far examined. 


In the absence of more extensive information 
upon the carcinogenicity of polyfunctional 
ethyleneimines, it is of interest to note that 
Haddow and his associates have obtained tumours 
in several animal species with analogous poly- 
functional derivatives in the “ mustard,” epoxide, 
and methane sulphonoxyalkane series. The full 
details of this work have not yet been published, 
but frequent reference to it has been made (vide, 
e.g., Haddow, 1951), and Koller (1953) has re- 
corded briefly the production of sarcomata in rats 
with several aromatic nitrogen mustards, with 
butadiene dioxide and with 1:4-dimethane- 
sulphonoxybutane (“ Myleran ”). We have already 
reported the production of carcinoma of the skin 
in mice by painting with vinylcyclohexene dioxide 
in acetone (Part II, p. 250), but repetition of this 
experiment with a more highly purified sample of 
the diepoxide has failed to yield tumours, and this 
finding must be regarded for the time being as 
sub judice. 

We have now obtained unequivocal evidence of 
carcinogenic activity with several monofunctional 
ethyleneimine derivatives. The substances in ques- 
tion were mostly N-acylethyleneimines, but in- 
cluded also 4-chloro-6-ethyleneimino-2-phenyl- 
pyrimidine (12). Testing of the free imine has 
been hampered by its local irritant action, but 
some tumours have resulted from the use of small, 
carefully spaced doses. On the other hand, no 
activity was detected with any of the three 
ethyleneimino-sulphonylalkanes examined, and 
with laurolethyleneimine (4) the yield of tumours 
was negligible. From what was known of mono- 
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functional derivatives, none of the above sub- 
stances was expected to cause marked inhibition 
of the growth of the Walker tumour or to be 
highly active in our test for specific cytotoxic acti- 
vity. It is evident from Table V that these expecta- 
tions were amply justified. 

Our knowledge of the mutagenic potentialities 
of the ethyleneimines is also deficient. Rapoport 
(1948) has recorded mutagenic activity in 
Drosophila for the free imine, and K6lmark and 
Westergaard (1953) have induced back mutation 
in-an adenine dependent strain of Neurospora 
crassa with this substance. The latter authors 
state that triethylenemelamine proved to be very 
toxic to Neurospora and no effects on the adenine 
locus could be demonstrated. Earlier work in 
these laboratories demonstrated that triethylene- 
melamine caused mutations in a strain of Peni- 
cilllum chrysogenum (Part III, p. 398), and Bird 
(1952) has since shown that it is active in a modi- 
fied CIB test in Drosophila. 

Some experiments of our colleague, J. M. Pryce, 
are of interest in this connection. Pryce has 
submitted suspensions of the pigmented organism 
Chromobacterium prodigiosum (Serratia marce- 
scens) to the action of a wide range of mono- and 
polyfunctional ethyleneimine derivatives. His 
results will be reported and discussed in detail 
elsewhere, but, briefly, it was found that the sub- 
stances mentioned fell into two groups with re- 
spect to their action on the bacterium. With those 
of one group, applied in concentrations which 
killed a high proportion of the bacteria, a great 
majority of the survivors yielded normal colonies 
which on subculture grew at the same rate as 
those from untreated controls. When only 1 in 
10* to 1 in 10%° of the bacterial. cells survived, 
however, a high proportion of mutant colonies 
(type A) were obtained. These developed slowly 
and never reached large size. They were white 
or pale pink in contrast to the deep red colour 
of the parent strain, failed to ferment many of the 
carbohydrates affected by the latter, and for the 
most part retained these characteristics on serial 
subculture. With substances of the second group, 
a high percentage of abnormal colonies (type B) 
was obtained when the proportion of bacteria 
surviving in the treated suspensions was still above 
ca. 1 in 10*. These colonies showed a marked 
lag in pigment production (a variation which 
occurs to a slight extent in untreated cultures of 
the parent strain), and on repeated subculture gave 
rise to populations showing continuous variation 
in the amount of pigment formed. When employed 
in concentrations permitting the survival of only 


a very small proportion of the bacteria, substances 
of the second group also yielded mutants of the 
type (A) first described. From the results so far 
obtained it appears that polyfunctional ethylene- 
imines belong exclusively to the first group of 
substances, while monofunctional derivatives, in- 
cluding the free imine, fall into the second cate- 
gory. It is noteworthy that the polyfunctional 
derivatives, applied in concentrations below those 
required to give an appreciable yield of mutants 
of the first type (A) did not give rise to variants 
of the kind (B) which were encountered typically, 
when the killing effect was low, with monofunc- 
tional derivatives of the second group. However, 
mutants of type A were produced by substances 
of both groups when used in concentrations at 
which very few of the bacteria survived. This is 
taken as evidence for a qualitative difference in 
the mode of action of the mono- and polyfunc- 
tional derivatives respectively when applied in 
these lower concentrations, while at higher, more 
lethal concentrations, their effects are more com- 
parable. 

The discovery of carcinogenic activity in the 
simpler N-acyl ethyleneimines invalidates the 
hypothesis, for this series of compounds at least, 
that carcinogenicity depends in any way upon a 
tendency of the hydrocarbon chains of the agent 
molecules to pack together in micelles (see Part 
III). With hydrocarbon radicals as simple as the 
acetyl no such tendency exists. As an alternative, 
we may regard ethyleneimine as the ultimate 
carcinogen, the function of the acyl group being 
merely to modulate chemical reactivity and pro- 
vide an electrically neutral derivative capable of 
diffusing readily into accessible cells. Such results 
as have been obtainable with the free imine are 
in keeping with this view. The most facile 
chemical reaction both of the free imine and of 
its acyl derivatives is that with nucleophilic groups, 
accompanied by the opening of the strained, three- 
membered, ethyleneimine ring. Hence we may 
represent the most likely form of interaction with 
cell components by the general scheme : 


RNY] * +. Cell-H—-Cell-CH;.CH,.NHR 
\CH, ‘ 


in which Cell-H is a cell component containing 
nucleophilic groupings such as hydroxyl, thiol, 
amino, etc. Further reaction may give a poly- 
ethyleneimine type of condensate,  Cell- 
(CH,.CH,.NR),CH,.CH,.NHR. 


Sulphur and nitrogen “ mustards,” epoxides, and 
methylolamides have a similar type of chemical 
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reactivity (Part III, p. 358), while molecules con- 
taining two or three such reactive groups may 
be presumed to combine at more than one nucleo- 
philic centre. It was this possibility with the 
nitrogen mustards in particular that led Goldacre, 
Loveless, and Ross (1949) to suggest “cross- 
linkage ” as the mechanism by which these agents 
exert their characteristic action on dividing cells. 
In their hypothesis nucleophilic centres in sister 
chromatids were regarded as the respective sites 
of attachment of each polyfunctional molecule of 
the agent. Conceptions of this kind led Haddow 
and Timmis (1951) to investigate a series of bis- 
methanesulphonoxy alkanes, and these were indeed 
found to produce biological effects similar to those 
of the polyfunctional “ mustards.” 

Our attention was directed to B-propiolactone 
by the report of Smith and Srb (1951) that they 
had produced mutations in Neurospora with this 
substance. B-propiolactone resembles ethylene- 
imine in several respects. It contains a similar 
strained ring, here four-membered, reacts readily 
with nucleophilic reagents, and equally readily 
polymerizes. These considerations, and the results 
obtained by Pryce with this substance in tests upon 
Chromobacterium prodigiosum, prompted us to 
examine it as a carcinogen, and, as shown in 
Table II, it was found to produce local sarcomata 
in rats. Although no corresponding bifunctional 
compound has so far been available for study, 
such a substance, containing two f-lactone rings 
suitably linked, might well prove to be a potent 
inhibitor of tumour growth. 

These examples illustrate the fruitfulness of the 
concept of direct chemical interaction with cell 
components as the initial stage in the production 
of the biological effects under consideration here. 

Another striking feature of our results is our 
failure to obtain tumours with ethyleneimino- 
sulphonylalkanes, in spite of the fact that in earlier 
tests a number of corresponding bis (ethylene- 
iminosulphonyl) alkanes were all shown to have 
tumour growth inhibitory and specific cytotoxic 
activity (Part III, pp. 370, 372). Whereas com- 
pounds of the two series 


CH:\. /CH; — CH /CH:z 
| N.SO,.X.SO,N | and | N.CO.X.CON | 
CH, uf \ CH, CH, wi \CH2 


(the latter with some structural reservations) are 
active tumour inhibitors, in only the second of the 
two related series of monofunctional derivatives, 
/ CH: /CH2z 
R.SO..N | and R.CON | 
CH 


2 CH: 


have carcinogens been found. It may be that this 
difference in behaviour between monofunctional 
ethyleneimines of the two series is due to differ- 
ences in absorption, tissue distribution, and 
metabolism. We incline rather to interpret these 
results as an indication that the site within the 
cell involved in carcinogenesis is not identical with 
that concerned in tumour inhibition. 

It is not unreasonable to regard the inhibition 
of tumour growth produced by polyfunctional 
ethyleneimine derivatives as being dependent upon 
their action on the chromosomes ; to view it, that 
is, as a manifestation of that action related to their 
specific cytotoxic and mutagenic activity. Ethylene- 
imine itself causes mutations in Drosophila and 
Neurospora and several of its monofunctional 
derivatives produce variants in Chromobacterium 
prodigiosum, although it should be remembered 
that there is a qualitative difference between the 
action of mono- and polyfunctional derivatives, 
at low concentrations, upon the latter organism, 
and that only at higher, more lethal concentrations, 
is their action comparable. Monofunctional 
ethyleneimines, with the exceptions noted above, 
have little visible effect upon the chromosomes of 
dividing cells of the Walker carcinoma in the 
highest doses tolerated by rats bearing this tumour. 
It has been shown in these laboratories, however, 
that when applied in aqueous solution in very 
high concentrations (M/100-—mM/50) to Vicia root 
tips, acetylethyleneimine causes chromosome frag- 
mentation and bridge formation comparable in 
extent with that produced by polyfunctional 
ethyleneimines in very much lower concentrations 
(C. H. Ockey, unpublished). It thus appears that, 
in respect of the production of these chromosome 
effects, the difference between the action of mono- 
and polyfunctional ethyleneimines is quantitative 
rather than qualitative. These findings, in part, 
support the view that the carcinogenic effect of 
the agents described here is also a chromosome 
effect ; that carcinogenesis is due to some form of 
gene or chromosome mutation. This, however, is 
not the only conceivable mechanism by which 
transformations in cell type may be reproduced in 
successive generations. Several examples are now 
recognized of the implication of cytoplasmic self- 
reproducing elements (plasmagenes) in cell heredity 
(v., e.g. Ephrussi, 1953), while Hinshelwood (1952', 
as a result of his study of bacterial adaptation, 
has concluded that certain effects of this nature 
may arise from differential action on intracellular 
enzymes. Our observations may equally well be 
taken as evidence for the view that ethyleneimines, 
and other substances having similar chemical reac- 
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tivity, owe such carcinogenic activity as they pos- 
sess to chemical processes analogous to or identical 
with those proposed hitherto for nuclear material, 
but involving cytoplasmic cell components, and 
not necessarily those that are essentially nucleo- 
protein in nature. In any event, it appears from 
our results with ethyleneiminosulphonyl alkanes 
that the presence of the ethyleneimino-group in 
a molecule is not alone sufficient for carcinogenic 
activity and that a degree of specificity dependent 
upon other features of the molecule obtains. In 
the example cited this is probably referable to 
the steric and polar characteristics of the groups 
immediately attached to the nitrogen of the 
ethyleneimine ring (sulphonyl as compared with 
carbonyl). 

The results obtained with the small group of 
Butter Yellow analogues (Table II, Nos. 16-20) 
require separate comment. Some of the experi- 
mental findings support the hypothesis previously 
advanced (Mueller and Miller, 1950; see also 
Part III, p. 408) that the oxidation in vivo of 
methyl to methylol, a group related in chemical 
reactivity to ethyleneimino, may be involved in 
the carcinogenic action of certain compounds 
containing dimethylamine residues. Thus com- 
pound 17 (p-N:N-dimethylureidoazobenzene) 
gave tumours remote from the site of injection 
only, suggesting that intermediary metabolism here 
precedes carcinogenesis. On the other hand, com- 
pound 16 (p-N-cycloethyleneureidoazobenzene), 
differing from the last only in that the reactive 
ethyleneimino- replaces the dimethylamino-group, 
gave several tumours at the injection site. In view 
of the behaviour of the arachis oil controls, the 
few very late tumours obtained with compounds 
18, 19, and 20 cannot be regarded as significant. 


Conclusion 


An outstanding feature of many of the 
carcinogens here described is structural simplicity. 
The majority are aliphatic and represent the first 
extensive series of such compounds shown to be 
carcinogenic. Their activity in this direction 
appears to depend mainly upon the presence in 
their molecules of the ethyleneimine radical, 
acting, we suggest, as a prosthetic group by means 
of which they are able to combine with certain 
cell constituents. They can be regarded as the 
prototypes of a new range of carcinogens built 
up by introducing the ethyleneimine ring into 
organic chemical systems of diverse types (v. 
Table II, Nos. 9, 10, 12, and 16). The carcino- 
genic activity of B-propiolactone suggests that the 


B-lactone ring system might be an effective sub- 
stitute for ethyleneimine in this respect. 

Interpreted in this way our findings lend addi- 
tional weight to the view, for which there is already 
much evidence, that the initial step in chemical 
carcinogenesis proper consists in the attachment 
of “foreign” residues to cell components, 
whereby those components become inactivated or 
deleted and their reproduction “ blocked ” (vide, 
e.g., Miller and Miller, 1952). It may well be 
that all chemical carcinogens are either already 
equipped with reactive centres through which such 
attachment may be effected—as, for example, the 
reactive, so-called “ K ” region in the carcinogenic 
polycyclic hydrocarbons—or acquire reactive 
groupings serving this function by preliminary 
metabolism, as with Butter Yellow (Mueller and 
Miller, 1950). 

The study of chemical carcinogenesis has often 
been handicapped in the past by uncertainty 
whether a particular carcinogen is, of itself, the 
effective agent initiating malignant transformation 
or whether it has first to be activated by metabolic 
change. Such activation is known to occur with 
Butter Yellow, as noted above, and with B- 
naphthylamine (Bonser, Clayson, Jull, and Pyrah, 
1952), and is suspected with 4-aminodiphenyl 
(Walpole et al., 1952). It may be assumed with 
some confidence that the carcinogens described in 
this paper need undergo no such preliminary 
changes and are the initiatory agents per se. By 
their use a more direct approach should be pos- 
sible to the problem of identifying the site or 
sites of action of carcinogens. Moreover, with the 
ethyleneimines it should be possible to select a 
“ carrier ” molecule suited to the detection of the 
agent within cells or in cellular fractions by either 
chemical methods or those dependent upon 
fluorescence or the use of radioisotopes. In this 
connection it is pointed out that the question of 
the integrity of the C-N bond attaching the acyl 
residue in the ethyleneamides has been left open, 
but it should not be too difficult to devise linkages 
less liable to fission than these. That present in 
the pyrimidine derivative (Table II, 12) might con- 
form to this requirement. 

An additional advantage of the present sub- 
stances is the distifictive nature of their chemical 
affinities. While it is perhaps unlikely that all 
carcinogens act in precisely the same way, it is 
nevertheless possible that at some point between 
the first exposure of the cell to the agent and the 
end-result of malignancy, a wide conformity of 
behaviour obtains. It is considered that further 
study of the types of cell components most likely 
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to be involved in interaction with ethyleneimines 
and analogous structures is more likely to lead to 
the ultimate explanation of carcinogenic action 
than the mere extension of the already imposing 
array of carcinogens. It is hoped that others 
working in this field will take advantage of these 
observations in their own researches. 


SUMMARY 


1. Evidence is presented that several simple N- 
acylethyleneimines, some other monofunctional 
ethyleneimine derivatives, ethyleneimine itself, and 
8-propiolactone are carcinogenic in rats and mice. 


2. No tumours were obtained with three ethylene- 
iminosulphonyl alkanes tested in arachis oil in 
rats. 


3. None of the above substances, given in the 
highest tolerated doses to rats bearing the Walker 
carcinoma, produced extensive chromosome 
changes in the tumour, of the type associated 
with the inhibition of its growth. None of those 
tested produced a significant inhibition of the 
growth of the tumour. In both respects these 
substances differ in behaviour from typical poly- 
functional ethyleneimines. 


4. The information available upon the tumour- 
inhibitory, cytotoxic, carcinogenic, and mutagenic 
activity of ethyleneimine derivatives is reviewed. 
It is concluded that the carcinogenic action of 
monofunctional ethyleneimines may be due to 
direct chemical attack either upon the chromo- 
somes (leading to gene or chromosome mutation) 
The in- 
formation is as yet too fragmentary to enable a 
decision to be made between these alternative 
possibilities. 

5. The advantages offered by ethyleneimine deri- 
vatives in the study of chemical carcinogenesis 
are discussed. 


The authors are indebted to Mrs. B. Hubbert, Miss 
A. FE. Berry, and Miss D. Bonson for their assistance in 
the laboratory, and to Miss J. J. Matthews and Miss 
M. H. Irving for their help with the histopathology. 
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THE ACTION OF CARDIAC GLYCOSIDES ON 
AUTONOMIC GANGLIA 
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(RECEIVED MARCH 30, 1954) 


The decelerator action of the digitalis glycosides 
on the normal mammalian heart has been described 
as “ practically entirely vagal ” by Sollmann (1948), 
and attributed to three components—a vaso-sensory 
reflex arising from a raised blood pressure, a 
chemical excitation of the carotid body, and a 
sensitization of the myocardium to vagal stimu- 
lation, and hence to acetylcholine (ACh). Further- 
more, Gremels (1937) suggested that the action 
might be, in part, due to an anticholinesterase 
activity. The potentiation by digitalis glycosides 
of the action of ACh on the heart has been 
examined by many workers but with conflicting 
results. Thus potentiation was found by Gremels 
(1935 and 1937) in the heart-lung preparation of 
the dog and in the isolated frog heart; by Abdon, 
Hammarskjéld and Nielsen (1938), and by Abdon 
and Nielsen (1938) in the isolated heart of the frog 
and rabbit and of the human foetus; by Mazella 
(1947) in the isolated heart of the toad; and by 
Baker (1953) in that of the human foetus. On the 
other hand, Wells, Dragstedt, Rall, and Ruge (1943) 
obtained no such potentiation in the dog heart 
in situ ; nor did Lendle and Wienke (1951), record- 
ing the bradycardia by electrocardiography, in rat, 
rabbit, guinea-pig, or cat hearts. 

Largely as a result of the work of Cattell (1938), 
who showed that glycosides modify the exchange 
of potassium across the cell membrane of striated 
muscle, it has usually been assumed that the direct 
action of the glycosides on the myocardium also 
results from some ionic imbalance of this kind, thus 
leading to potentiation of the action of ACh on 
these cells. 

The action of glycosides on the heart can, how- 
ever, be explained in another way which has been 
overlooked by previous workers. The glycosides 
could potentiate the action of ACh on the heart by 
sensitizing the intracardiac vagal ganglion cells, 
rather than the myocardial cells, to its action. 
This possibility was envisaged by Konzett and 
Rothlin (1952). They found that the glycosides 
potentiated the effect of ACh and of preganglionic 


nerve stimulation on the perfused superior cervical 
ganglion of the cat, and suggested that the glyco- 
sides might have a similar action on the intracardiac 
vagal ganglion cells in the heart. 

Recently, Perry and Talesnik (1953) showed that 
the bradycardia produced by small doses of ACh 
in a perfused cat’s heart could be prevented by 
small doses of ganglionic blocking drugs. They 
concluded that ACh, in such small doses, acted on 
the intracardiac ganglion cells of the vagus, the 
direct action of ACh on the myocardium being 
produced only when the dose was increased. 
These results offered a means of testing whether 
any part of the action of glycosides on the heart 
was mediated through the intracardiac vagal 
ganglion cells, and this paper describes experiments 
carried out with this end in view. A preliminary 
account of some of these results has been published 
elsewhere (Perry and Reinert, 1954a). 


METHODS 
Superior Cervical Ganglia of the Cat 


The superior cervical ganglion was perfused in cats 
anaesthetized with ethyl chloride and ether followed by 
intravenous chloralose (80 mg./kg.). The method used 
was that originally described by Kibjakow (1933) with 
some modifications introduced by Perry (1953). If not 
otherwise stated, the perfusion fluid was Locke’s solution 
containing twice the usual content of glucose, thus 
making a final concentration of 200 mg./l100 ml. In some 
experiments the ganglion was not perfused, and drugs 
were injected through a cannula in the tied external 
carotid artery, all branches of the common carotid artery 
except those to the ganglion and the occipital artery 
having been ligated. The preganglionic cervical sym- 
pathetic trunk was stimulated, at a frequency of 10/sec. 
for periods of 10 sec., with square pulses of supramaximal 
voltage and 0.5 msec. duration. Injections were made in 
volumes of 0.2-0.5 ml. into the perfusion stream. 


Perfused Mammalian Hearts 


The isolated mammalian heart was perfused through 
the coronary arteries by the Langendorff method. 
When necessary, both vagi were stimulated at a frequency 
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of 20/sec. for periods of 5 sec. with square pulses of 
supramaximal voltage and 0.1 msec. duration. Injections 
were made in volumes of 0.1-0.2 ml. into the perfusion 
stream just proximal to the heart. 


Drugs 


All doses are given in terms of acetylcholine chloride, 
tetramethylammonium (TMA) iodide, and pure crystal- 
line k-strophanthin-y, ouabain, digitoxin, and scillaren A. 


RESULTS 
Cat’s Superior Cervical Ganglion 


We have confirmed the finding of Konzett and 
Rothlin (1952) that small doses of the glycosides 





(a) 


Fic. 1.—Cat, chloralose, ganglion perfusion with Locke’s solution. 


perfusion stream. Upper trace: contractions of nicitating membrane. 





Injections into 


of longer duration than the previous normal res- 
ponse to 5 ug. ACh. This is a potentiation of at 
least 150%, and represents about the maximum 
degree of potentiation which we were able to 
record. 

The potentiation produced by such doses of 
ouabain was frequently followed by a pronounced 
iong-lasting depression, such as has been described 
by Konzett and Rothlin (1952). Similar results 
were obtained using k-strophanthin-y, digitoxin, 
and scillaren A. The potentiation of the ACh 
effect is also obtained in the ganglion with its 
normal blood circulation, but the effect is usually 
more transient. 

TMA first stimulates and then 
blocks ganglia by virtue of its de- 
polarizing action (Paton and Perry, 
1953). Its stimulant effect, like that 
of ACh, is potentiated by ouabain 
(Fig. 2). The maximal recorded 
potentiation in this experiment was 
again of the order of 100%. 

In further experiments it was shown 
that the effect of preganglionic stimu- 
lation, like that of injected ACh, was 
also potentiated by similar doses of 
ouabain. 

When the Locke’s solution perfus- 
ing the ganglion contained no 
Lower trace: Potassium, it was never possible to 


signal of ACh injections. Doses marked on record. At arrow ouabain 30 yg. into cage 
perfusion stream. Two minutes between (a) and (b) and (b) and (c); 8 minutes demonstrate any potentiating effect 


between (c) and (d). Time signal 30 sec, 


potentiate the action of ACh and of preganglionic 
stimulation on the perfused ganglion. Fig. 1 shows 
the graded responses obtained with doses of 2-10 
ug. of ACh, followed by constant responses to doses 
of 2 ug. of ACh; 30-40 sec. after 30 pg. ouabain 
the response to 2 yg. of ACh is greatly augmented, 
but 10 min. later has returned to its original level. 

The maximum potentiation is such that 2 yg. of 
ACh produces a response equivalent in height but 





Fic. 2.—Cat, chloralose, ganglion perfusion with Locke’s solution. 
Upper trace: contractions of nictitating membrane. Lower 
trace: signals. In (a), at dot, 20 ug. ACh injected into perfusion 
stream; at ““S”’’ supramaximal stimulation of preganglionic 
nerve for 5 min. (0-5 msec. pulse; frequency 10/sec.). In (b) at 
signal marks injections of 8 ug. TMA into perfusion stream. 
At arrow, 20 ug. ouabain. 2 min. between (a) and (b). 


of ouabain or of any of the cardiac 

glycosides tried, but they regularly 
caused depression of the responses to ACh and 
to preganglionic stimulation (Fig. 3). 


Perfused Hearts 

Cat.—Small doses (1.0 ug.) of ACh produce slight 
cardiac slowing and diminution of the amplitude 
of the contraction. Both effects are potentiated 
by a small dose of ouabain (0.5 yg.) which itself 
has no direct effect on the heart (Fig. 5a and b). 





(a) (b) 


Fic. 3.—Cat, chloralose, ganglion perfusion with Locke’s solution 
containing no KCI. Upper trace: contraction of nictitating mem- 
brane. Lower trace: signals of injections of 5 ug. ACh into 
perfusion stream. At “S” supramaximal stimulation of 
preganglionic nerve for 10 sec. (0-5 msec. pulse; frequency 10/ 
sec.). At arrow 10 ug. ouabain. 2 min. between (a) and (b). 
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Similar results have been obtained with k-strophan- _ is often followed by a period of cardiac depression. 
thin-y, and both of these glycosides potentiate the In addition, cardiac irregularity frequently occurs, 
action of TMA in the same way as that of ACh and is usually initiated by a subsequent injection 
(Fig. 4). of ACh. 

With larger doses of ouabain (10-20 yg.) the In the presence of hexamethonium, perfused in a 
potentiating effect is usually less pronounced and _ concentration sufficient to block the ganglionic 
effects of ACh on the heart (Perry and Talesnik, 
1953), ouabain no longer potentiates the action of 
ACh or of TMA. In Fig. 5 the effect of ouabain 
is shown before and during the action of hexa- 
methonium on the response to 1 yg. ACh. Before 
hexamethonium the ACh response is potentiated by 
0.5 wg. ouabain; during perfusion with 300 yg. /ml. 
hexamethonium, 1.0 ug. ACh no longer caused 
bradycardia but still caused a slight reduction in 
the amplitude of the contraction, and ouabain, in 
twice the previous dose (1.0 »g.), was now devoid 
of any potentiating effect. 

In some experiments nicotine was used instead of 
hexamethonium to block the vagal ganglion cells; 
similar results were obtained. 





b Guinea-pig.—The guinea-pig heart behaved in 
(b) most respects like the cat heart, and a typical experi- 
Fic. 4.—Isolated cat heart perfused with Locke’s solution through ment is shown in Fig. 6. This figure also illustrates 


coronary arteries. Injections into perfusion stream. At signals ape . s 
4 ug. TMA. Between (a) and (b) 2-5 g. ouabain. the potentiation of vagal stimulation by 5 yg. of 








(b) (d) 


Fic, 5.—Isolated cat heart perfused through coronary arteries. Injections into perfusion stream. At signals 1 ug. ACh. 
Between (a) and (b) and between (c) and (d) 0-5 ug. ouabain. Between (b) and (c) perfusion fluid was changed from 
Locke’s solution to Locke’s solution containing 300 ug./ml. hexamethonium. 





(a) (b) (c) (d) 


Fic. 6.—Isolated guinea-pig heart perfused through coronary arteries. Injections into perfusion stream. At “‘S ”’ supramaximal stimu- 
lation of both vagi for 5 sec. (0-Imsec. pulse ; frequency 20;sec.). At signals 1 wg. ACh. Between (a) and (b) and between (c) and (d) 
: ug. ——. Between (b) and (c) perfusion fluid changed from Locke’s solution to Locke’s solution containing 500 yg./ml. 
exametbonium. 
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ouabain. Hexamethonium is not such a potent 
ganglion-blocking agent in the guinea-pig as it is 
in the cat, and it was not possible to block the effect 
of small doses of ACh with concentrations of less 
than 500 pg./ml. With smaller concentrations the 
effect of ACh was partially blocked, and during this 
partial block ouabain still produced a potentiation 
of the response. When, however, the response to 
small doses of ACh and to vagal stimulation was 
completely blocked, ouabain ceased to have any 
potentiating action (Fig. 6). In this experiment 
5 pg. ouabain had itself the effect of increasing 
the amplitude of the heart beat both before and 
during the action of hexamethonium. 


Rat.—Ouabain potentiates the action of ACh 
on the rat heart; we were unable, however, to block 
this action by hexamethonium, even in large doses. 
This may be due to insensitivity of the ganglia of 
the rat to hexamethonium, or, more probably, to 
the fact that in the rat heart, which is very small, 
even small doses of ACh have a direct action on the 
myocardium as well as a ganglionic action. 


Rabbit.—The results obtained from rabbit hearts 
were virtually identical with those obtained from 
guinea-pig hearts. 


DISCUSSION 


Our results on the superior cervical ganglion of 
the cat confirm the findings of Konzett and Rothlin 
(1952), that cardiac glycosides potentiate the action 
of ACh and of preganglionic stimulation; further- 
more, they show that the glycosides have the same 
effects on the ganglion perfused with Locke’s 
solution as on a ganglion with its normal blood 
supply. Moreover, the finding that the glycosides 
potentiate the ganglion stimulant action not only of 
ACh but also of TMA makes it unlikely that the 
effects are due to an anticholinesterase activity of 
the glycosides, since TMA is not destroyed by 
cholinesterases. 

The sensitization of the ganglion cells to the 
action of ACh produced by glycosides is very 
similar to the sensitization produced in denervated 
ganglia by the methonium compounds (Perry and 
Reinert, 1954b), which is probably associated with 
the transfer of potassium ions across the cell mem- 
brane. Thus, the failure of the glycosides to exert 
their sensitizing effect in the absence of external 
potassium may be significant, in that the action of 
ouabain may render the cell membrane more 
permeable to potassium ions, thus enhancing the 
effect of ACh. This action of the glycosides would 
resemble their action on striated muscle (Cattell, 
1938), in which they also increase the permeability 
of the cell membrane to potassium; it would also 


resemble the dependence on the presence of 
external potassium of their negative inotropic 
effect on the isolated frog heart (Scarinci, 1953). 
Furthermore, the observation by Konzett and 
Rothlin (1952), that the glycosides may occasionally 
themselves exert a stimulant effect on the ganglion 
cells, could be accounted for by the same mechan- 
ism. The fact that large doses depress the action 
of ACh may be due to a second independent 
depressant action or to the fact that the continued 
leakage of intracellular potassium finally renders 
the cells relatively inexcitable. 

The block of small doses of ACh produced by 
hexamethonium was interpreted by Perry and 
Talesnik (1953) as implying that these doses of 
ACh produced their action by stimulating the vagal 
ganglion cells and not the myocardium. In support 
of this contention they showed that hexameth- 
onium did not exert any blocking action to the 
effect of stimulation of the post-ganglionic para- 
sympathetic. fibres supplying the pupil. We have 
now shown that the action of small doses of ACh 
is potentiated by the glycosides only when the vagal 
ganglia are intact, i.e. in the absence of blocking 
concentrations of hexamethonium; the action of 
larger doses of ACh, presumably directly on the 
myocardium, is not blocked by hexamethonium, 
nor is it potentiated by ouabain in the experiments 
which we report. We have not, however, 
attempted to investigate this last factor in detail, 
since it appears to be delayed in onset (Baker, 
1953), and we have considered only the relatively 
short-term effects of this drug. 

The doses which we have used would almost 
certainly, if given in dilute solution over a pro- 
longed period, have other effects on the myo- 
cardium. It may well be that the administration 
of a large dose directly into the coronary artery 
is not a comparable situation to the clinical use 
of these compounds. Nevertheless, we consider it 
probable that the glycosides do have a direct action 
in sensitizing the vagal ganglion cells to ACh, and 
it should be borne in mind that this action may 
contribute in part to their clinical activity, and 
almost certainly to their toxic effects. 


SUMMARY 


1. Small doses of cardiac glycosides potentiate 
the effects of preganglionic stimulation and of ACh 
and TMA on the superior cervical ganglion of the 
cat. Large doses of cardiac glycosides depress the 
action of ACh and TMA. 

2. In the absence of external potassium, the gly- 
cosides exert only a depressant action on the 
superior cervical ganglion. 
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3. The glycosides potentiate the effect of vagal 
stimulation and of ACh and TMA on the isolated 
mammalian heart. 

4. These actions are not present when the intra- 
cardiac vagal ganglion cells are blocked by hexa- 
methonium or nicotine. 

5. The réle of the ganglion-sensitizing action of 
the cardiac glycosides is discussed in relation to 
their clinical activity and toxic effects and to their 
mode of action. 


We wish to thank Professor A. Stoll, Sandoz Labora- 
tories, Basle, for generously providing us with the pure 
k-strophanthin-y and scillaren A used in these experi- 
ments. 
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The effect of intravenous infusions of histamine 
on gastric secretion has recently been studied 
quantitatively in the cat (Wood, 1948) and in the 
dog (Obrink, 1948; Hanson, Grossman, and Ivy, 
1948). These authors observed that the effect of 
the drug increased with the dose, and that by 
choosing a suitable range of doses it was possible to 
obtain data which could be used to construct dose- 
response curves. 

Little is known about the effect of histamine 
infusions on gastric secretion in man. According 
to McElin and Horton (1946), the threshold dose 
is less than 30 ng./kg./min. ; Hanson ef al. (19 
found it to be as low as 4 ng./kg./min. Although 
the dose for a maximal effect has not been deter- 
mined, Hanson et al. produced a flow of 285 ml. 
of juice./hr. with an infusion rate of 300 
ng./kg./min. Our aim was to study the secretory 
behaviour of the human stomach in response to 
prolonged continuous intravenous infusions of 
histamine, and to determine the relationship be- 
tween dose and response. At the same time we 
attempted to gain further information on the fate 
of histamine in the body by estimating it in samples 
of various body fluids, including the gastric juice. 
This part of the work has been reported elsewhere 
(Adam, Card, Riddell, Roberts, and Strong, 1954). 

Our data were obtained from three healthy men 
designated as W.I.C., J.A.S., and A.A.G., each of 
whom received a series of intravenous infusions of 
histamine. Estimates of the rates of acid secretion 
were plotted against rates of infusion of the drug. 
Each infusion was thus a self-contained experiment 
and could be represented by a point on a graph. 
By applying statistical methods to the results it was 
possible to fit various parameters of the dose- 
response curves. 

METHODS 


Intubation of the Stomach and Collection of the Juice. 
—The subject omitted breakfast. A few drops of local 


anaesthetic (Amethocaine HCl) were instilled into the 
nose and a Ryle’s tube was passed by this route into 
the stomach. The position of the tip was ascertained 
radioscopically and the tube manipulated until the tip lay 
on the left border of the vertebral column. The subject 
then lay on his left side, and the stomach contents were 
aspirated by syringe. This was sometimes made easier 
by washing the stomach out with warm water. The 
kyle’s tube was then connected to a source of con- 
tinuous suction not exceeding 40 mm. Hg. The gastric 
juice flowed into a 50-ml. boiling tube, which was 
replaced every ten minutes by a clean tube. At slow 
rates of secretion the juice tended to be thick and 
mucinous and occasionally blocked the tube. The 
injection of a small quantity of warm water easily 
cleared the tube, and a correction was subsequently 
applied to the volume of the sample. ‘aliva was 
collected by expectoration. The duodenal juice was not 
withdrawn. 


Titrations.—The volume of the sample of gastric 
juice was measured and the free and total acid were 
determined by titration against 0.1IN-NaOH, using 
T6pfer’s reagent and phenolphthalein as internal indi- 
cators. The concentration of acid was expressed in 
m.equiv. HCl/l. The product of the concentration of 
total acid and the volume of the sample in litres gave 
an estimate of the output of acid in m.equiv. HCI. 


Infusions.—Histamine acid phosphate was supplied 
by British Drug Houses Ltd. All the values for hist- 
amine quoted in this paper are expressed in terms of the 
base, on the assumption that it represents 36.16% of 
the salt by weight. On the day before the experiment 
a solution of histamine was prepared in 0.9% NaCl 
from a stock solution and sterilized by heat. The 
final dilution in saline was made immediately before the 
infusion, which was given into a forearm vein from a 
50-ml. syringe. The plunger of the syringe was propelled 
by an electric motor which ran at constant speed. 
The mean delivery rate from the syringe was 32.2+-0.3 
ml./hr. A length of polythene tubing and a metal 
adaptor connected the syringe to the needle (15 S.W.G.) 
in the vein. Most of the infusions were given at weekly 
intervals. 
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Estimate of the Basal Output of Acid.—A solution of 
0.9°% NaCl was infused for about an hour and the total 
acid titrated in the juice collected during this period was 
taken to represent the basal output of acid, which was 
expressed in m.equiv. HCl/hr. This basal output was 
assumed to continue at the same rate during the period 
of the histamine infusion. 

Estimate of the Response to Histamine.—At the end 
of an hour the basal secretion was usually steady and 
the saline was replaced by the histamine solution. The 
output of acid usually rose to a maximum within the 
first hour and a half, fell slightly, and thereafter remained 
more or less steady during the second and third hours 
of the infusion. The output of acid during these last 
two hours only, when corrected for the basal output, 
was taken to represent the response to histamine and 
this was expressed in m.equiv. HCl/hr. 


RESULTS 


The effects of a series of infusions with increasing 
doses, taken from the data of W.I.C., are shown 
graphically in Fig. 1. The acid output values 
plotted at 20-min. intervals were obtained as the 
sum of two consecutive 10-min. samples. This 
has the effect of smoothing out variations between 
samples which sometimes occurred from faulty 
collection. Dilution by saliva would not alter the 
total output of acid, and the occasional regurgi- 


Intravenous Infusion 


a 


AND OTHERS 


tation of duodenal juice appeared to produce little 
effect—though the extent of its interference is not 
known. It is certain that some saliva was swal- 
lowed, because the total concentration of chloride 
in some samples of gastric juice was as low as 
80 m.equiv./1. Ihre (1939) removed the saliva by 
continuous suction and rarely obtained values for 
chloride in gastric juice below 120 m.equiv./l. The 
possible effect of the non-parietal component of 
the gastric juice will be discussed later. 

Table I contains the results for the three subjects. 
The experiments are numbered according to the 
magnitude of the dose. Except wi W.LC., the 
infusions were not given in any particular order. 
The result of the infusion given to W.I.C. (2/1/50) 
three days after a previous experiment was so 
anomalous that it has been excluded from the 
calculations. The experiments on A.A.G. were 
begun in the summer months, but could not be 
completed; they were resumed in the following 
winter. The results for the two periods are given 
separately. 

It is evident, in each set of results, that the 
response increases with the dose. When the res- 
ponse is plotted against log-dose, the points fall on 
a roughly sigmoid curve. 


Fitting Theoretical Dose-Response Curves.—Un- 
fortunately, it is not possible to 
infer the mechanism of the secre- 
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dose-response curve. Many differ- 
ent models could be proposed, 
each leading to a curve consistent 
with the observed points. 

One possible mechanism would 
be a population of secretory units 
each giving an all-or-none re- 
sponse when stimulated by hist- 
amine, but differing in threshold 
sensitivity to histamine according 
to some defined frequency distri- 
bution. If the sensitivity to log- 
dose follows the normal distribu- 
tion, as so often happens with 
pharmacological responses, the 
well-known symmetrical sigmoid 
normal integral curve would be 
obtained. There would be three 
adjustable parameters—a vertical 
scale parameter which can con- 
veniently be taken as H, the 
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Fic. 1.—Subject W.I.C. Intravenous infusions of histamine. 


m.equiv. present in juice formed during 20-min. intervals. 
Brackets: dose of histamine expressed in ng./kg./min. (see Table I). 


1 
Hours 


2 


Ordinate: 
Abscissa : 


24> 3 asymptotically maximal response 
at very high concentration; a 
location parameter which may be 


identified with m, the EDS50O or 


total HCI in 
time in hr. 








little 
not 
wal- 
ride 
W as 
a by 
; for 
The 
it of 


jects, 
» the 
, the 
rder. 
| / 50) 
iS sO 
1 the 
were 
t be 
wing 
piven 


t the 
> res- 
ill on 


—(jn- 
le to 
secre- 
of the 
differ- 
sosed, 
sistent 


would 
units 
e re- 
’ hist- 
shold 
ording 
distri- 
o log- 
stribu- 
; with 
, the 
gmoid 
ild be 
. three 
ertical 
1 con- 
i, the 
sponse 
on; a 
nay be 
50 or 





ACID GASTRIC SECRETION IN MAN 331 


TABLE I 


EFFECT OF INTRAVENOUS INFUSIONS OF HISTAMINE 
ON ACID GASTRIC SECRETION IN THREE HEALTHY MEN 














: ° Response 
Estimate of Total Acid Output pans : 
: equiv. 
Dose m.equiv. HCI HCl/hr. 
Exp.| Date _ j|ng./kg./ 4(2nd + 
min. Basal . : 3rd hr.)— 
m.equiv. During Infusion Teal 
hr. Ist hr. | 2nd hr.) 3rd hr. Value 
Subject W.I.C. 3. Height 74 in. Weight 82 kg. 
1 26/6/50 0 -04 0-98, 0-28) 0-66 
y : 7/11/49 13-0 0:77 3-35} 3-89|) 1-01 1-78 
3 4/7/50 13-7 1-14 1-03] 1-37] 2-17 0-63 
4 | 12/11/49 26-1 1-93 6-01} 7:29} 5-89 4-66 
5 | 19/11/49 29-1 3-07 8-31} 9-89] 9-15 6:45 
6 3/12/49 52:2 0-36 8-79 | 13-38} 12-23 12-74 
7 | 31/12/49 63-0 1-09 11-44| 15-87] 14-87 14-28 
8 2/1/50 | 88-0 0-76 5-41] 13-53] 12-90 12-45 
9 | 10/12/49 | 117-0 0-86 14-19} 19-25] 18-60 18-06 
Subject J.A.S. 3. Height 74 in. Weight 75 kg. 
1 20/3/50 0 0-47 0-56, 1-39) 0-31 
2 27/3/50 3-6 0-81 1-20} 1:76] 1-84 0-99 
3 13/3/50 8-0 0-60 0-58} 2:06; 3-99 2-42 
4 17/8/50 12-1 0-36 4:22] 9-11] 5-32 6°85 
5 6/3/50 16-0 0-36 3-33] 7-54] 9-79 8-30 
6 12/8/50 | 21-3 0-56 10-47} 17-32} 22-32 19-26 
7 17/4/50 | 28-9 1-38 8-68 | 22-67| 24-16 22-03 
8 27/2/50 | 48-0 0-35 15-85| 29-85] 26-78 27:96 
9 24/4/50 | 72-0 0:72 19-55| 31-90] 35-73 32-09 
10 5/8/50 | 114-0 0-61 19-24] 35-67| 35-62 35-03 
Subject A.A.G. 3. Height 69 in. Weight 73 kg. 
(Summer) 
1 5/6/50 0 2:22 2:34} 3-98} 1-01 0-27 
2 15/5/50 7-4 2:74 3-49} 5-40) 5-27 2:60 
3 8/5/50 14-9 3-98 11-89] 9-53} 12-90 7-23 
4 29/5/50 | 29-6 5-90 16-80} 15-03} 14-93 9-08 
5 12/6/50 59-2 3-09 13-87] 15-58} 18-66 14-03 
(Winter) 
1 3/2/51 76 0-30 1:20} 0O-71| 6-64 3-37 
2 27/1/51 12-5 3-38 10-09 | 14-39} 10-63 9-13 
3 20/1/51 23-5 4-16 13-57| 20-21} 19-14 14-51 
4 13/1/51 47-0 3-10 19-36 | 20-66} 20-05 10-93 
5 6/1/51 94-0 1-65 15-21 | 26-57| 25-77 24-57 


























dose eliciting half the maximal response ; and a 
horizontal scale parameter which may be taken 
as b, the reciprocal of the standard deviation of 
the tolerance distribution in log-dose units. 

An alternative model would be a population of 
identical secretory units, S, which are active only 
when forming an addition compound with a definite 
number, a, of molecules of the drug D, according 
to the reversible chemical equation 


S-+-aD==SD , 
where only the compound on the right is able to 


effect secretion. Intermediate compounds with 
fewer than a molecules of the drug are assumed 


to be unstable. If the concentration of this com- 
plex is R and the concentration of the drug is C, 
it follows from the law of mass action that 
HC 
K4+C2 

where R is proportional to the response, H is the 
asymptotic maximum approached by R as C be- 
comes very large, a is the number of histamine 
molecules uniting with one secreting unit to give 
the active complex, and K is the value of D at 
which R is +H. If R is plotted against log C, the 
formula gives the symmetrical sigmoid curve 
known as the logistic, which is almost identical in 
form with the normal integral curve, and is also 
fully specified by three parameters. Two of these, 
H and m, have exactly the same meaning for the 
two curves; for the logistic, m=log K. The scale 
parameter of the logistic, B=a log, 10, is analogous 
to, but will differ in magnitude from, the horizontal 
scale parameter of the normal curve, and will 
supply an estimate of a, on the assumption that 
the addition compound model is true. 

Formulae of both types were fitted to each of 
the four series of observations. The fitting was 
performed by the method of maximum likelihood, 
which here consists in minimizing the sum of 
squares of residual deviations of the observed 
values. The computational methods used, which 
were simpler than those described by Finney (1947), 
will be published elsewhere. Table II gives the 
maximum likelihood estimates of the various para- 
meters with their standard errors, or fiducial limits 
when these are more appropriate indicators of 
precision. The table also gives the standard error 
of estimate, this being the standard deviation of 
the residuals around the curve. This is a good 
measurement of closeness of fit. 

From the values of the parameters of the proba- 
bility integral curve it was possible to derive the 
equations for the regression of the response in 
probits (Y) on log-dose (X). 


WIC. Y=3.41X—0.452 
JAS. Y=3.19X+0.687 
AAG. Y=2.2X +1.909 


Y=i.92X + 2.396 

















TABLE II 
ESTIMATES OF PARAMETERS OF DOSE-RESPONSE CURVES 
Probability Integral Curve | Logistic Curve 
Subject rae ie 
es Fiducial Fiducial 
H-=S.E. EDS50 Limits b+S.E. | H+S.E. EDS50 Limits | a+tS.E. 

Wi. 19-1+1-18 39-7 26-7-59-3 3-41+0-39 19-3-+0-85 40-1 29-0-53-4 2:44+0-24 
J.A.S. 34-6+42-54 22-5 8-9-57-1 3-19+-0-62 34-9+2-40 22-5 9-3-54-6 2:30+0-45 
A.A.G. (S) 17-4+11-1 (25-4) 0- co 2:2 +2-7 17-4493 (20-4) 0- (1-5 41-8) 
A.A.G.(W) 28.4441 (22:7) 0- co 1-92+0-51 26:8 +6:2 (22-9) 0-o (1-35 42-75) 
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Fic. 2.—Dose-response curves for subjects J.A.S. and W.LC. 
Ordinate: rate of secretion of HCl in m.equiv./hr. Abscissa: 
log dose in ng./kg./min. H is calculated from the data and is the 
estimate of the secretory maximum. 

Values for Y were then calculated for a range 
of values of X. The probits were converted into 
percentages from probit tables and plotted as a 
percentage of H, the maximum value, on a linear- 
log scale. 

A similar manipulation was carried out on the 
parameters of the logistic functions to derive the 
equations for the regression of the response in 
logits (Y) on log-dose (X). 


WLC. Y=5.62X—8.99 
JAS. Y=5.29X—7.16 
AAG. Y=3.45X—4.52 
Y=3.11X—4.22 


Values for Y were then calculated for a range 
of values of X. The logits were converted into 
percentages from logit tables and plotted as per- 
centages of H, the maximum value, on a linear- 
log scale. The probability integral curves for two 
subjects (W.LC. and J.A.S.) are shown in Fig. 2. 

The superimposed curves of the probability in- 
tegral curve and the logistic are almost identical. 


Estimate of the Parietal Secretion—Since the 
estimate of the response to histamine is the output 
of total acid from the stomach, it may be asked 
how far the observed values represent the response 
of the parietal cells alone. There is evidence for 
the view that gastric juice consists of a mixture of 
parietal and non-parietal secretions. These secre- 


tions have not yet been obtained pure, but their 
probable composition has been calculated from 
various data (Hollander, 1938; Gray and Bucher, 
1941). More recently, these earlier results have 
received support from the careful analysis by 
Fisher and Hunt (1950) of Ihre’s data on human 
gastric secretion. These authors concluded that 
the most probable values for the composition of 
parietal secretion were 160 m.equiv./1. hydrion and 
10 m.equiv./1. neutral chloride, and that the non- 
parietal secretion of iso-osmotic strength contained 
125 m.equiv./1. neutral chloride and 45 m.equiv. /1. 
bicarbonate. Hence, if the volume and acidity of 
a sample of gastric juice are known, an estimate of 
the volume of the parietal secretion can be calcu- 
lated on the basis of these figures: 


Let V be the volume of juice in litres, 

and x be the volume of parietal juice in litres, 

and y be the volume of non-parietal juice in litres. 

RR RE ee a ere eee (1) 

If A is the amount of acid in the juice in m.equiv., then 
A= 160x —45y 


Estimates for the volume of parietal and non- 
parietal secretion have been calculated in this way 
from the data of subject J.A.S. (Table I) and have 
been fitted to the logistic function as already des- 
cribed (Fig. 3). It will be seen that the values for 
the parietal secretion fit the curve reasonably well, 
but the values for the non-parietal secretion (x 5) 


500 





e Parietal 
450 ©Non-Parietal (x5) 


400}- 


350F- 


Secretion in Millilitres 
yvoN w& 
Ss ss 8 
i | | 
° 

° 
4 
° 
° 


= 
¢ 


S 
T 











1.0 15 
Log Dose (ng./kg./min.) 


Fic. 3.—Subject J.A.S. Calculated volume of parietal and non- 
parietal secretion (ml.) in response to log dose in ng./kg./min. 
The values for the non-parietal secretion have been multiplied by 
5 to bring them on to the scale of the ordinate. 
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bear no relation to the dose of histamine infused. 
All our values for the response could have been 
expressed in terms of the volumes of parietal juice, 
but, with our present data, this. procedure seemed 
to offer no practical advantage. 


DISCUSSION 


The secretory response to histamine was evident 
within a few minutes of starting the infusion, but 
did not reach a maximal value until after 60 to 80 
minutes. This delay, which appeared to be in- 
dependent of the rate of the infusion, may have 
been due to a slow cumulation of free histamine in 
the tissues. Teorell (1933, 1937a, b) was the first to 
consider how the concentration of free histamine 
in the blood and tissues might vary with the rate of 
infusion. He assumed that the speed of cumu- 
lation depended upon the difference between the 
rate of entry of the drug and the rate of its disap- 
pearance from the blood. When the rates became 
equal cumulation ceased ; the concentration then 
remained steady and was proportional to the rate 
of infusion. Obrink (1948) has since obtained 
evidence in support of this hypothesis. Our curves 
for single infusions show that, after the output of 
acid has reached a maximum, it tends to fall slightly 
during the second hour and then continues more or 
less steadily. These changes in acid output may 
mean that the plasma histamine falls slightly, or 
that the parietal cells become less sensitive during 
the course of the infusion. 

In man the parietal cells of the stomach appear 
to be more sensitive to histamine than any other 
cells in the body (Weiss, Robb, and Ellis, 1932). 
The mean threshold infusion rate was 10 ng./kg./ 
min. (range (3) 3.6-13.0), which confirms the 
values obtained by Hanson et al. (1948). When the 
rate of infusion was less than 30 ng./kg./min. the 
only detectable clinical effect appeared to be stimu- 
lation of gastric secretion. This suggests that 
histamine could, under physiological conditions, 
pass continuously into the plasma and attain a 
concentration which would stimulate secretion 
without necessarily producing overt symptoms such 
as headache and flushing (Kahlson, 1948). The 
following argument supports this view. Healthy 
men (Roberts and Adam, 1950) and children and 
infants (Adam and Mitchell, 1953) excrete free 
histamine in the urine. When histamine is given 
by. slow intravenous infusion the effect of the in- 
fusion on the urinary excretion of free histamine 
and on the output of gastric HCl is roughly 
proportional to the dose (Adam, Card, Riddell, 
Roberts, and Strong, 1954). This may be taken as 
indirect evidence that free histamine in the urine 


¥ 


derives from the plasma and not from the renal 
tract. The proportion that appeared in the urine 
as free histamine was about 1% of the dose, which 
suggests that the normal excretion for adults 
(approx. 20 »g./24 hr.) represents a similar propor- 
tion of histamine that may be continuously passing 
into the blood stream from various sources. Cal- 
culation shows that this quantity would be about 
2,000 vg. /24 hr., or, roughly, 20 ng./kg./min. for 
a 70-kg. man, which is within the range of infusion 
rates used. This suggests the conclusion that free 
histamine in the circulating blood may help to 
maintain the basal acid secretion. Although direct 
evidence for this hypothesis is lacking, it seems that 
human blood plasma contains a minute quantity 
of histamine in the free and active form. By ion 
exchange chromatography it is possible to separate 
a fraction with pharmacological properties similar 
to those of histamine. The histamine equivalent 
of this fraction has varied from <1 to 2 ng./ml. 
plasma (Adam, Hardwick, and Spencer, unpub- 
lished). 


Dose-Response Curves.—The remarkable consis- 
tency of the response, from experiments conducted 
over some months, made it possible to derive curves 
from the data. The mathematical treatment of the 
data has already been discussed. Since the data 
could be fitted equally well to functions represent- 
ing two fundamentally different theories of the 
mode of action of histamine, it was not possible to 
distinguish between these two theories. Neverthe- 
less, the dose-response curve may have a practical 
value, since it provides a reliable method of com- 
paring the secretory responses of different stomachs 
or of the same stomach after various treatments. 

The estimate of the secretory maximum (H) or 
the height parameter of the curve can, on either 
theory of secretion, be more easily interpreted than 
the values for the other parameters. The secretory 
maximum implies that \all the acid-secreting cells 
of the stomach have been stimulated under the 
conditions of the experiment, and that each cell has 
responded maximally. The maximum, however, 
might depend not only on the mass of secretory 
cells but also on the rate at which each cell produces 
acid. In this sense the value for the maximum 
could vary under conditions which enhance or 
depress the rate of acid formation, but which do 
not alter the number of cells in action. The find- 
ing of Guiss and Stewart (1948), that there is a 
significant correlation between parietal cell counts 
in resected stomachs and the highest concentration 
of acid reached in a previous test meal, lends sup- 
port to the conception that the secretory maximum 
may bear a definite relation to the mass of secretory 
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tissue thrown into activity. In the present experi- 
ments the value for J.A.S. (34.6+2.5 m.equiv./ 
HCl/hr.) was significantly greater than that for 
W.LC. (19.141.2 m.equiv./HCl/hr.). In both 
these subjects the rate of disappearance of the dose 
by excretion as free histamine in the urine was 
approximately the same (Adam et al., 1954). This 
suggests that the concentration of free histamine 
in the plasma may have been about the same in the 
two subjects and that the higher result for J.A.S. 
was therefore due to a difference in the mass of 
secretory tissue. This has been referred to else- 
where as “secretory cell mass” (Card, 1952), 
though the term “secretory unit mass” might be 
preferable. The estimate of H for A.A.G. is differ- 
ent in summer and winter, but the difference is not 
statistically significant. 

The EDSO, or the estimate of the location para- 
meter, is difficult to interpret because it may depend 
not only on the sensitivity of the cells to histamine 
but also on the rate of disappearance of histamine 
from the blood. Thus a low value could mean that 
the parietal cells were unusually sensitive or that 
the histamine disappeared at a slow rate; and, con- 
versely, that at a high value the cells were relatively 
insensitive or the rate of disappearance was rapid. 
It is not possible on the present evidence to say 
which of these views is correct. Until dose can be 
related to plasma histamine concentration the mean- 
ing of the EDSO must remain uncertain. 

The estimates of the horizontal scale parameter 
are also difficult to interpret. On the first theory 
the estimate of b might be taken as a measure of 
the homogeneity of the parietal cell population. 
The fact that values for b in the three subjects did 
not differ significantly would suggest that the 
sensitivities of the parietal cells were similarly 
distributed in each subject. On the second theory 
the estimate of the parameter, a, might be taken as 
the number of receptors of the secretory unit which 
can be occupied by histamine. If this number were 
constant throughout all secretory units, the estimate 
of this parameter would be a whole number. The 
data in Table II are consistent with, but do not 
prove, the supposition that a=2 in all subjects. 

Since the validity of either theory remains un- 
proved, further discussion of the location and hori- 
zontal scale parameters serves no useful purpose. 
Nevertheless, it would seem likely that the height 


parameter, H, is the chief, and perhaps the only, 
parameter necessary to define the gastric secretory 
output in response to histamine. 


SUMMARY 


1. The effect of a series of intravenous infusions 
of histamine on the acid gastric secretion has been 
investigated in three healthy men. The threshold 
rates of infusion were 4, 9, and 13 ng./kg./min. 
Gastric secretion appeared to be the only clinical 
effect at these rates. 

2. From the data it was possible to relate dose 
to response and to calculate curves representing 
theories of the mode of action of histamine on 
gastric secretion. 

3. The curves were defined by three parameters; 
estimates of two of these were taken to represent 
the secretory maximum and the EDS0 respectively. 

4. It is suggested that the secretory maximum is 
the most important parameter for defining the 
secretory response to histamine. 
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DEPRESSION OF THE COUGH REFLEX BY PENTOBARBITONE 
AND SOME OPIUM DERIVATIVES 


BY 


A. J. MAY anp J. G. WIDDICOMBE 


From the Nuffield Institute for Medical Research, University of at and the Microbiological Research Department, 
Porton, Wilts 


(RECEIVED APRIL 7, 1954) 


Experiments on the cough reflex (Larsell and 
Burget, 1924; Widdicombe, 1954a and b) have 
shown that two afferent nervous mechanisms are 
present. One has receptors lying in the trachea 
and is excited by mechanical stimuli, whereas the 
other extends throughout the tracheobronchial tree 
and is sensitive chiefly to irritant gases ; the two 
types of cough stimulus give somewhat different 
motor responses. The central nervous pathways 
for coughing have not, however, been investigated, 
and little is known of the interactions between the 
respiratory centre, the cough reflexes, and other 
respiratory reflexes. The experiments described 
in this paper were carried out to see whether drugs 
that depress the cough reflex, and that are believed 
to act centrally, have quantitatively different effects 
on these reflexes. At the same time a new mor- 
phine derivative, pholcodine (2’-morpholinoethyl 
ether of morphine), became available, and, since it 
had not been directly tested against coughing, its 
action was compared with those of morphine and 
codeine. 


METHODS 


Tracheal cannulae were inserted into 28 cats, anaesthe- 
tized with pentobarbitone sodium, 32 mg./kg. intraperit- 
oneally. The cats were enclosed in the body plethysmo- 
graph described by Dawes, Mott, and Widdicombe 
(1951), from which respiratory volume changes were 
recorded on a smoked drum, using a float recorder. The 
method permitted measurement of tidal volume and of 
changes in expiratory volume (functional residual 
volume). Blood pressure was measured by a Hg 
manometer from a carotid artery. Intratracheal pressure 
was measured by a tambour, and intraoesophageal 
pressure by an electrical condenser-manometer and 
displayed on a cathode-ray oscilloscope. 


Coughing.—Coughing was induced in two ways: firstly, 
by passing a polythene catheter down the trachea until 
it touched the carina, after which it was immediately 
withdrawn; and secondly, by blowing air containing 
SO, into the trachea. The SO, was generated by 
adding 50 ml. of N-HCI to 5 g. of sodium thiosulphate 
in a conical flask; to excite coughing, a measured 


quantity of air (0.5-1 ml.) was bubbled through the 
mixture into the tracheal cannula at the beginning of an 
inspiration. Both types of stimulus (mechanical and 
chemical) were applied once only to produce a cough, 
and they were repeated at intervals of 5-10 min. With 
the mechanical stimulus control experiments showed that 
refractoriness did not develop for at least an hour; with 
SO, the respiratory responses sometimes decreased 
slightly during that period, but never by more than 25%. 
The latter reflex became refractory if large amounts of 
SO. were administered. 

The cough in response to a mechanical stimulus was 
expressed as the ratio of the volume of the initial expira- 
tory effort after the stimulus to the average of ten preced- 
ing tidal volumes. The percentage changes in this ratio 
after administration of drugs were calculated. SO, did 
not always cause an initial expiratory effort, but one or 
more deep gasps were invariably seen; the depth of the 
first inspiratory effort was therefore used as an index of 
reflex activity, and the ratio of this inspiration to the 
average preceding tidal volume was calculated. The 
inspiratory activity after a mechanical stimulus was 
measured similarly. 

Hering-Breuer Inflation Reflex.—This was elicited by 
inflating the lungs with 50-100 ml. of air, and main- 
taining the distension. The inflation was made at the 
beginning of an expiratory pause, and delayed the next 
inspiratory effort. The next inspiration caused a fall 
in intratracheal pressure, and the distension of the lungs 
was then released. The ratio of the consequent inspira- 
tory pause to the average of ten preceding respiratory 
intervals was calculated and the percentage change in 
this ratio was taken to indicate either an increase or a 
decrease in reflex activity. This method takes into 
account the rate of respiration and its slowing by the 
Hering-Breuer inflation reflex, but not tidal volume and 
respiratory muscle tone. It is possible that large changes 
in the spontaneous respiratory cycle would invalidate 
the use of this index, but in most experiments the results 
were unequivocal. 

Bronchoconstriction——The intratracheal pressures at 
the beginning of the maintained inflations of the lungs 
were used to indicate changes in the resistance to infla- 
tion. Changes might be due to several factors of which 
the chief is bronchial tone, but, since the cats had intact 
chests, the influence of expiratory muscle tone must be 
considered. 
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Drugs.—Morphine and pentobarbitone were admin- 
istered at 5 min. intervals, and codeine and pholcodine 
at 10 min. intervals. The drugs were given in increasing 
doses, and since each experiment took less than 1 hr. 
the doses were assumed to be cumulative. In calculating 
the total dose of pentobarbitone the initial anaesthetic 
dose was not included. All injections were made into 
the external jugular vein. After each injection several 
minutes were allowed to elapse and then the three 
respiratory reflexes were each elicited once, in turn, so 
that the experimental procedures were carried out 
immediately before the next injection. Provided the 
respiratory disturbance from the preceding stimulus had 
subsided before the next reflex was tested, no interaction 
between the reflexes was observed. Pentobarbitone and 
morphine were each given to five cats, and pholcodine 
to seven; codeine was given to eleven cats, since its 
actions were rather variable. 

Carbon dioxide was administered by making the cat 
rebreathe from a 10 |. flask through which 5% CO, -in 
air was being circulated. 


RESULTS 

Some of the results are shown in Table I. 

Cough Reflexes——The expiratory effort due to 
an endotracheal mechanical stimulus was reduced 
by each of the four drugs ; Fig. 1 shows the mean 
dose-response curves, compared with the changes 
in minute volume. Pentobarbitone abolished the 
reflex only in doses associated with profound 
respiratory depression or death; the other drugs 
never caused death in the doses used. Morphine 
was the most active ; pholcodine was more active 
than codeine, the difference being significant 
(Table I). 

When SO, caused coughing, pentobarbitone and 
morphine were significantly more active in block- 
ing the reflex than for an endotracheal mechanical 
stimulus. On the other hand, pholcodine was 
significantly less active against chemically induced 
coughing, and was the least potent of the opium 
derivatives (Table I). There was little difference 
in the actions of codeine on the two cough reflexes. 

The usual patterns of the two types of cough 
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Fic. 1.—Dose-response curves showing the action of pentobarbitone 
and of opium derivatives on minute volume (interrupted lines) 
and on the expiratory efforts caused by an endotracheal mechani- 
cal stimulus (continuous lines). The control values before 
administration of the drugs are expressed as 100%. Each line 
represents means for the cats used with the appropriate drug. 
Vertical lines show standard deviations for the cough reflex; 
for clarity, they have not been given for minute volume or in 
Fig. 2, but these were of the same order of size. 


caused an initial expiratory effort followed by a 
gasp (e.g., Figs. 3 and 4), while after a noxious 
chemical stimulus inspiratory efforts predomin- 
ated, although they were often preceded and fol- 
lowed by forced expirations. The response to a 
mechanical stimulus was first assessed from the 
size of the expiratory effort, while for the chemical 
stimulus the inspiratory gasp was measured. It 
was noticed, however, particularly with morphine, 














differed; a mechanical endotracheal stimulus that after a mechanical stimulus the inspiratory 
TABLE I 
APPROXIMATE DOSES OF DRUGS THAT ABOLISH THE COUGH REFLEX 
For each drug the mean doses and standard deviations are given 
? Mean % Changes in Respiration and Reflexes 
Doses (mg./kg. Body Wt.) to Abolish with Doses that just Abolished the Expiratory 
Efforts after a Mechanical Stimulus 
Drug 
Expiratory Inspiratory Inspiratory 
Efforts after Efforts after Efforts after Respiratory Minute Inflation Resistance 
Mechanical Mechanical Chemical Movements Volume Reflex to Inflation 
Stimuli Stimuli Stimuli ’ 
Pentobarbitone 33-1+4-5 20-5+4-5 25-7+2:1 4119 —80 —84 —20 
Morphine 2-3+1-4 0-4+0-2 0-5+0-3 _- —38 +120 +35 
Codeine .. 16-347°8 76141 11-2+4-0 o- +24 +240 +56 
Pholcodine 5-341°8 17-1+7-5 15-1+8-5 — +27 +50 +37 
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Fic. 2.—Dose-response curves showing the actions of the four drugs 
on the expiratory efforts after a mechanical endotracheal stimulus 
(—X— as in Fig. 1), the inspiratory efforts after a mechanical 
stimulus (—@—) and the inspiratory efforts after inhalation of 
SO, (—O—). Presentation of results as in Fig. 1. 


05 10 20 


gasp was blocked by smaller doses than was the 
primary expiratory effort. In Fig. 2, therefore, 
the doses that blocked the inspiratory and ex- 
piratory components of the mechanical cough 
reflex are compared, together with the doses that 
blocked the inspiratory gasps after SO,. The 
actions of the drugs on the expiratory efforts due 
to SO, have not been included, since there was 
considerable irregularity in this response. With 
pentobarbitone and codeine there is little differ- 
ence between the three curves. With morphine, 
however, the inspiratory components of both types 
of coughing were abolished by doses significantly 
smaller than those which inhibited the expiratory 
efforts of the mechanical cough reflex (Table I). 
Fig. 3 illustrates such an experiment with mor- 
phine. Pholcodine blocked the expiratory effort 
caused by a mechanical stimulus in doses signifi- 
cantly smaller than those which abolished the 
inspiratory components of the two cough reflexes ; 
the curves for these last almost coincide. A typical 
response to pholcodine is seen in Fig. 4. Thus 
morphine and pholcodine have a quantitatively 
different effect on the inspiratory and expiratory 
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components of both cough reflexes. The fact that 
expiratory efforts predominate after a mechanical 
stimulus, and inspiratory gasps after a chemical 
stimulus, seems to be largely responsible for the 
impression that morphine is more active against 
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Mech SO, 


Morphine 0:5 mg./kg. 


The action of morphine on coughing induced 
by a mechanical stimulus and by SO,. Upper trace: volume 
record of respiration. Lower trace: blood pressure. Admin- 
istration of 0.5 mg./kg. morphine at the arrow resulted in com- 
plete depression of the cough due to SOs, and inhibition of the 
inspiratory gasp (but not the expiratory effort) due to a mechani- 
cal stimulus. This and subsequent kymograph records have 
been retouched. 


Fic. 3.—Cat 3.2 kg. 
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Pholcodine 10 mg./kg. 


Fic. 4.—Cat 2.1 kg. The action of pholcodine (10 mg. kg. at arrow 
on coughing induced by a mechanical stimulus and by SO,. 
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the chemical than the mechanical reflex, and vice 
versa with pholcodine. 


Respiration——The respiratory actions of the 
drugs are well known. Pentobarbitone and mor- 
phine depress respiration (tidal volume and rate), 
whereas codeine sometimes causes rapid shallow 
respiration with an increase in minute volume 
(Kreuger, Eddy, and Sumwalt, 1941). In our 
experiments codeine was variable in its action; 
respiratory depression was seen in six cats, and 
stimulation in three ; the mean change in the nine 
animals was an increase in minute volume. Phol- 
codine resembled codeine rather than morphine, 
but caused a small decrease in minute volume on 
one occasion only. In vagotomized cats equiva- 
lent doses of codeine and pholcodine caused little 
change in respiration, so that the effect was prob- 
ably not central. 


Hering-Breuer Inflation Reflex—The opium 
derivatives cause bronchoconstriction, and this 
might influence respiration both by a direct 
mechanical hindrance to airflow and by modifying 
respiratory reflexes. Since the inflation reflex is 
known to alter with changes in bronchial tone 
(Widdicombe, 1954c), the activity of this reflex 
was measured before and after administration of 
the four drugs. Pentobarbitone depressed the 
inflation reflex, except for a transient increase in 
activity in one cat. When doses sufficient to block 
the mechanical cough reflex had been given the 
inflation reflex was on average only 16% active 
(Table I). The other three drugs enhanced the 
inflation reflex, occasionally as much as tenfold. 
An example is seen in Fig. 5, where codeine has 
increased the inflation reflex 460%. The effect is 
apparent even when the reflex is assessed as the 
absolute delay in the respiratory cycle, taking no 
account of the increase in respiratory rate (190%) 
caused by codeine. The latter increase might alone 
be expected to decrease the delay in 


100 ml 





150 


mm. Hg 





Codeine 10 mg./kg. 


Fic. 5.—Cat 3.8 kg. Enhancement of the Hering-Breuer inflation 
reflex by codeine. Upper trace: volume changes of respiration. 
Middle trace: blood pressure. Lowest trace: intratracheal 
pressure. The lungs were artificially inflated at the beginning 
of the signal, and the distension released at the first inspiratory 
effort after this time. Thus the duration of the large rise in 
intratracheal pressure and of the signal is a measure of the 
duration of the respiratory inhibition. After giving codeine 
(10 mg./kg. at the arrow) inflation with the same volume produced 
a far longer relative and absolute delay in breathing, and a 
greater peak intratracheal pressure. 
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four cats, when codeine had caused 
an average increase in the infla- 


% Change in Hering-Breuer Reflex Activity 


Fic. 6.—Changes in the Hering-Breuer inflation reflex and the intratracheal pressure 
on constant volume inflation of the lungs. Each point represents a single cat. 
O—pentobarbitone. --—morphine. []—codeine. A—pholcodine. 
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tion reflex of 220%, CO, still produced an increase 
in minute volume which was 87% of that seen 
before administration of the drug. 

A more likely explanation is that changes in 
bronchial tone were associated with a direct action 
on the pulmonary receptors for the Hering-Breuer 
inflation reflex ; this has been shown for other 
drugs that cause bronchoconstriction (Widdi- 
combe, 1954c). The greatest enhancements of 
Hering-Breuer activity after the opium derivatives 
were seen when there was the greatest increase in 
pulmonary resistance to positive pressure inflation. 
Pentobarbitone, which never elicited a maintained 
increase in the inflation reflex, never caused an 
increase in pulmonary resistance. The opium 
derivatives failed to enhance the inflation reflex 
in only one cat, and this cat showed a small 
decrease in resistance to inflation. Fig. 6 gives 
results with all four drugs, showing the relation 
between resistance to inflation and change in the 
Hering-Breuer inflation reflex. The two variables 
were measured (and recorded in Fig. 6) when each 
cat had received just sufficient of the appropriate 
drug to block the expiratory effort of the 
mechanical cough reflex. 

In these experiments the Hering-Breuer reflex 
was elicited by positive pressure inflations, and the 
resistance to inflation derived from the rise in 
intratracheal pressure. Since the cats’ chests were 
closed respiratory muscle tone would contribute 
to this pressure, and if the tone altered after 
administration of a drug it would cause a change 
in total resistance to inflation. Although it seemed 
unlikely that this was happening, in two cats intra- 
oesophageal pressures were recorded during the 
experiments. In both cats the changes in resistance 
to inflation and in the inflation reflex described 
above were observed, with no increase in expira- 
tory muscle tone. The raised pulmonary resistance 
to inflation was shown by the increased pressure 
drop across the lung (intratracheal pressure minus 
intraoesophageal pressure) on constant volume 
inflation. Furthermore, changes in expiratory 
volume were measured from the plethysmograph 
record ; after the opium derivatives there was 
little change in expiratory volume. 

In Fig. 5 it will be seen that the respiratory 
pattern following artificial inflation of the lungs 
is changed by administration of codeine; the 
expiratory volume did not reach the control value 
until nearly 30 sec. had elapsed. This was fre- 
quently seen when the respiratory rate was rapid, 
and is presumably because the expiratory pauses 
were not sufficiently long to allow the lungs to 
collapse quickly to their expiratory volume. With 


a low rate of respiration this took place in one 
or two breaths (Fig. 5). It is also likely that 
bronchoconstriction after the opium derivatives 
would retard expiration and contribute to this 
effect, but this has not been assessed. 


DISCUSSION 


The respiratory effects of the opium derivatives 
have often been studied (for references see Kruger 
et al., 1941; Wikler, 1950), but their activity in 
suppressing the cough reflex has received meagre 
attention. Most of the techniques have involved 
indirect stimulation of coughing, such as electrical 
excitation of the superior laryngeal nerve (Toner 
and Macko, 1952), artificial pleuritis (Ernst, 1938), 
inhalation of sulphuric acid aerosol (Eichler and 
Smiatek, 1940), and inhalation of soap powder 
(Kroepfli, 1950). The methods used in our work 
were based on the demonstration of two types of 
sensory receptors and nervous pathways for 
coughing. The stimuli were physiological in so 
far as they correspond to an endotracheal foreign 
body and to inhalation of a common irritant gas ; 
the methods were simple and gave reproducible 
results with a minimum number of animals. The 
actions of the drugs on respiration and on other 
respiratory reflexes could be measured at the same 
time. 

These techniques have been used to investigate 
depression of the cough reflex in cats by phol- 
codine. It is more active in blocking the expira- 
tory efforts caused by an endotracheal foreign 
body than codeine, but less active than morphine ; 
it differed from morphine and codeine in seldom 
causing respiratory depression, and gave far more 
consistent results than codeine. Chabrier, Giudi- 
celli, and Thiullier (1950) have investigated its 
respiratory actions in the rabbit ; they concluded 
that, although it was slightly more active on the 
respiratory centre than codeine, it was 5-7 t’'mes 
less toxic. 


Morphine, and to a less extent pentobarbitone, 
are more effective in depressing the inspiratory 
gasps than the expiratory efforts in both types of 
coughing, while pholcodine has the opposite action. 
A direct action of the drugs on the cough receptors 
has not been eliminated, but, since the afferent ner- 
vous pathways for the two cough reflexes are 
distinct, the main effect is probably central. It is 
unlikely that coughing is depressed by an action 
on the respiratory half-centres themselves, for 
pentobarbitone strongly inhibited respiration with- 
out blocking the cough reflex, whereas pholcodine 
prevented coughing with little respiratory depres- 
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‘ sion. The explanation may be that there is a 
relay station in the arc for the cough reflex 
proximal to the respiratory centre, and that at 
this “ cough centre” the movements of coughing 
are co-ordinated. Some such “centre” seems 
inevitable when the complexity of coughing is con- 
sidered ; for example, the closure of the glottis 
which is co-ordinated with expiratory efforts is 
unlikely to be controlled directly from the respira- 
tory centre. The fact that the respiratory patterns 
for the two types of cough reflex are somewhat 
dissimilar could be due to the existence of separate 
“centres” for the two reflexes, or to differences 
in the centripetal innervation of a common “ cough 
centre” by the two systems of afferent cough 
nerves. 

Other workers (Dooley and Andrews, 1922; 


Cohen and McGuigan, 1924) have shown that the . 


Hering-Breuer inflation reflex is enhanced by 
morphine, but the sites of action of the drug have 
not been analysed. From the results described in 
this paper it has been suggested that the increase 
in reflex activity after the opium derivatives is due 
in part to potentiation of the pulmonary stretch 
receptors, since the drugs cause bronchoconstric- 
tion which is known to increase the activity of 
these receptors (Widdicombe, 1954c). A central 
potentiation of the reflex by morphine has been 
considered by Henderson and Rice (1939). They 
showed that the inhibition of respiration caused 
by stimulation of the central end of the cut cervical 
vagi was enhanced by morphine in the rabbit ; they 
concluded that this was an increase in the Hering- 
Breuer inflation reflex due to a central action of 
the drug. These experiments are difficult to 
interpret owing to the composite nature of the vagi, 
which contain several types of afferent nerve fibre 
causing respiratory arrest, and others causing 
stimulation ; it is possible that both central and 
peripheral mechanisms are involved in the en- 
hancement of the inflation reflex. 

Schmidt (1940) has shown that morphine 
depresses the response of the respiratory centre to 
CO, ; after this drug inflation of the lungs might 
cause a longer inhibition of: breathing, since the 
accumulation of CO, would be a weaker respira- 
tory stimulus. Our results with codeine suggest 
that this mechanism could play only a small part 
in the enhancement of the inflation reflex. 

With the vagi cut, codeine and pholcodine were 
without effect on respiratory movements in doses 
equivalent to those needed to enhance the Hering- 
Breuer inflation reflex. Rapid shallow respiration 
was seen only in cats with intact vagi, and could 
be due to an increase in activity of the pulmonary 
stretch receptors secondary to bronchoconstriction. 


SUMMARY 


1. The actions of pentobarbitone sodium, mor- 
phine, codeine, and pholcodine (morpholinylethyl- 
morphine) have been investigated on respiration, 
the cough reflexes, and the Hering-Breuer inflation 
reflex, using cats. 

2. A simple method of assaying drugs that 
depress coughing is described, the procedure 
reproducing natural conditions as closely as 
possible. 

3. Pholcodine is three times as active as codeine 
and half as active as morphine in inhibiting the 
expiratory efforts due to mechanical irritation of 
the trachea. 

4. The inspiratory gasps after inhalation of SO, 
were more readily abolished by morphine than by 
codeine ; pholcodine was the least active of the 
three. 

5. The opium derivatives greatly enhanced the 
Hering-Breuer inflation reflex elicited by positive 
pressure distension of the lungs; it is suggested 
that this enhancement is secondary to broncho- 
constriction and consequently to increased activity 
of the pulmonary stretch receptors. 


6. Central inter-relationships between the cough 
reflexes and the respiratory centre are discussed. 


We are grateful to Allen & Hanburys Ltd. for the 
supply of pholcodine, and to Drs. H. O. J. Collier and 
G. S. Dawes for helpful discussion. One of us (J. G. W.) 
received a grant from the Medical Research Council 
during part of this work. 
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THE EFFECT OF ANTIFIBRILLATORY DRUGS ON THE 
CATS HEART JN VIVO 
BY 


E. A. JOHNSON 
From the Department of Pharmacology and Therapeutics, University of Sheffield 


(RECEIVED APRIL 8, 1954) 


It has been reported by Dews and Graham 
(1946), Dutta (1949), McCawley, Weston, and David 
(1951), and Schallek (1952) that several antihistamine 
compounds increase the relative refractory period of 
the isolated rabbit atrium as measured by the 
method of Dawes (1946). This method only 
indirectly measures changes in the refractory period 
produced by drugs. White and McCawley (1950) 
have reported that diphenhydramine is effective in 
preventing ventricular extrasystoles and tachycardia 
produced by cyclopropane and adrenaline in dogs. 
Burn (1950) and DiPalma and Schults (1950) 
suggested the clinical use of antihistamines as 
quinidine substitutes, and Dick and McCawley 
(1951) have demonstrated that they are effective 
against auricular fibrillation in man. 

It was decided to investigate these drugs further 
in the hope of finding some qualitative difference in 
action between them and quinidine. By using the 
whole animal with the heart in vivo it was also 
thought that the results would be closer to clinical 
practice. 

METHODS 
Ventricular Fibrillation Produced by Chloroform and 
Adrenaline 

Cats were anaesthetized with pentobarbitone sodium 
(30 mg./kg. intraperitoneally) and a tracheal cannula 
inserted. The carotid arterial blood pressure was 
recorded and injections were made into a jugular vein. 
Chloroform was given for 6 min. by allowing part of the 
cat’s respiratory air flow to pass through a Wolff bottle 
containing chloroform, the flow being adjusted to 
produce the minimum fall in blood pressure. At the 
Sth min. 5 yg. of adrenaline was given intravenously and 
ventricular fibrillation usually started at once. The 
electrocardiogram was recorded from one of the three 
standard leads (usually lead II). The drug under investi- 
gation was given intravenously approximately 30 sec. 
after the start of ventricular fibrillation, and its ability 
to arrest the fibrillation was noted. 


Ventricular Fibrillation Produced by Repetitive Electrical 
Stimuli 

Cats were anaesthetized with pentobarbitone sodium 

(30 mg./kg. intraperitoneally) and artificial respiration 


was applied. The carotid arterial pressure was recorded 
and injections were made into a jugular vein. The chest 
was opened, the pericardium slit, and a bipolar silver/ 
silver chloride stimulating electrode was placed on the 
surface of one ventricle. The voltage drop across a 
100 Q resistor in series with the stimulating electrodes 
was measured on a calibrated oscilloscope. The heart 
was stimulated at a rate of 45/sec. with rectangular 
current pulses of 800 msec. duration. The minimal 
current required to produce ventricular fibrillation, as 
shown by the electrocardiogram, was observed three 
times and then the drug was given. The power of the 
drug to raise the threshold current necessary to produce 
ventricular fibrillation was used as a test of anti-arrhyth- 
mic activity. 


Determination of Refractory Period, Excitability, and 
Atrio-ventricular Conduction Time of the Intact Cat 
Heart in vivo (Single Shock Method) 


The method used resembles that of Suckling, Brooks, 
Orias, Gilbert, and Siebens (1950), but instead of the 
heart being artificially driven it is allowed to beat 
normally. The disadvantage of this—that changes in 
rate produced by a drug will produce changes in relative 
and absolute refractory periods—has to be weighed 
against the fact that it is the total effect of the drug that 
is the important thing to measure. 

Cats were anaesthetized with pentobarbitone sodium 
(30 mg./kg. intraperitoneally), a tracheal cannula was 
inserted, and artificial respiration applied. The chest 
was opened and both phrenic nerves divided to avoid 
movements of the diaphragm. The pericardium was 
opened and screened silver recording electrodes, 1 mm. 
in diameter, were placed on the surface of the left atrium 
and of each ventricle. The amplified action potentials 
were displayed on a double beam oscilloscope. One of 
these action potentials, from either atrium or ventricle, 
was used to generate a test pulse, after a variable delay. 
The provision of this stimulus, which could be applied 
to the heart at any time interval after the previous ventri- 
cular action potential, enabled measurements of refrac- 
tory period to be made with comparative ease. 

The heart was stimulated through a silver/silver 
chloride electrode, an indifferent electrode being placed 
in the right intercostal muscles and connected to earth 
through a 1,000 Q resistor. The cat was also earthed 
by its brass tracheal cannula. The fraction of current 
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passing through the indifferent electrode was measured 
from the voltage drop recorded on a calibrated oscillo- 
scope. Preliminary investigations showed that this 
fraction bore a constant relation to the total current 
passing through the animal under the conditions used. 

The heart rate, refractory period, ventricular conduc- 
tion time, the duration of the ventricular action potential, 
atrio-ventricular conduction time, blood pressure, rectal 
temperature and strength-duration curves were deter- 
mined on several occasions until steady measurements 
were obtained before the drug under test was given. 

The total refractory period was determined by measur- 
ing the shortest time after the beginning of the previous 
action potential at which the minimal strength of shock 
of 0.065 msec. duration produced a premature action 
potential. The absolute refractory period was deter- 
mined by finding the minimal time after the start of the 
last beat at which a supramaximal shock produced a 
premature action potential. Atrio-ventricular conduc- 
tion time was taken as the time interval between the 
peak of the atrial and ventricular action potentials. 
The time interval between the peak of the ventricular 
action potential picked up by local spread to the atrial 
electrode and that picked up directly by the ventricular 
electrode was also recorded as an indirect index of 
conduction velocity through ventricular muscle or the 
conducting system. 


RESULTS 


Fibrillation from Chloroform and Adrenaline.— 
Preliminary observations with procaine amide 
showed that it was effective in arresting ventricular 
fibrillation induced by adrenaline in cats under light 
chloroform anaesthesia. However, the method did 
not give reproducible results in six experiments. 


Fibrillation from Repetitive Electrical Stimulation. 
—The minimal current strength required to induce 
ventricular fibrillation was usually increased by 
procaine amide in nine cats. However, as the 
normal threshold was in the region of 1-6 mA and 
varied considerably, it was necessary to produce a 
large change to be sure that a particular drug was 
effective. This increase would be in the region of 
8-20 mA, depending on the initial threshold; at 
these current strengths, using bipolar stimulating 
electrodes, the local current density was so high 
that burning of the heart resulted. By using a 
unipolar electrode the current needed to produce 
ventricular fibrillation could be reduced. However, 
the current spread was then greater, and, especially 
at the high strengths required to produce fibrillation 
after the administration of a drug, caused wide- 
spread nerve and muscle excitation, the whole 
animal twitching violently. 


Ventricular Tachycardia Produced by Electrical 
Stimulation.—This method was tried because ventri- 
cular tachycardia occurred at a much lower current 


strength than did fibrillation, and it was thought 
that it would be possible to detect a graded increase 
in this threshold without using current strengths 
which caused burning or widespread tissue excita- 
tion. Although the blood pressure fell considerably 
during the initiation of the ventricular tachycardia 
it did not drop to zero as with ventricular fibrillation. 

The results with this method on 15 cats were even 
more erratic than with the previous methods. Some- 
times a rise was detected in the tachycardia threshold, 
with a later return to normal; but at other times 
the only effect noted was a slowing of the rate of the 
ventricular tachycardia (see Fig. 1). Mepyramine, 


0 nen pert 


a + 


ot UU 


t t 


20/ peer AVY WM. 


Fic. 1.—Effect of promethazine on the threshold to ventricular 
tachycardia induced by direct electrical stimulation of the ventricle 
in the cat. Upper electrocardiogram trace (0 min.) shows a burst 
of ventricular tachycardia during electrical stimulation of con- 
stant strength. 5 mg./kg. of promethazine given at 1 min. 15 sec. 
Centre trace at 2 min. shows absence of ventricular tachycardia 
during stimulation of the same strength as in the upper trace. 
Lower trace at 20 min. shows return of threshold to normal with 
development of ventricular tachycardia in response to electrical 
stimulation of the same intensity as in the upper trace. The 
additional effect of the drug in slowing the rate of ventricular 
tachycardia is also seen. Beginning and end of period of 
stimulation indicated by arrows in each trace. Electrocardio- 
gram: lead II (right arm, left leg). (Tracing retouched.) 


diphenhydramine, procaine amide, and quinidine 
sometimes caused an increase of the tachycardia 
threshold, but the only consistent effect of these 
drugs was to cause slowing of the rate of ventricular 
tachycardia. It must be noted that the tachycardia 
lasted only for the duration of stimulation. The 
ventricles were therefore merely being driven by the 
repetitive stimuli, .the conditions being different 
from that of ventricular fibrillation, which is 
self-supporting. 

An alteration in ventricular tachycardia threshold 
could result from many changes, such as an increase 
in relative refractory period, which would mean 
that most of the stimuli would fall in this period so 
that the threshold would appear to increase. This 
is indicated by the slower rate of the ventricular 
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tachycardia when induced after a particular drug, 
the effect being comparable with that seen in the 
isolated rabbit atrium (Dawes, 1946). A decrease 
in the excitability of the ventricular muscle could 
also result in a similar change. 

To demonstrate that the factors responsible for a 
change in fibrillation threshold were different from 
those for a change in tachycardia threshold, the two 
thresholds were measured in the same animal before 
and after procaine amide. The results on five cats, 
of which a good example is to be seen in Table I, 
show that whereas the fibrillation threshold was 
increased beyond the scope of the stimulator after 
procaine amide, the ventricular tachycardia threshold 
remained unchanged. 


TABLE I 


TYPICAL CHANGES PRODUCED BY PROCAINE AMIDE 

IN VENTRICULAR TACHYCARDIA AND FIBRILLATION 

THRESHOLDS TO DIRECT ELECTRICAL STIMULATION 
OF VENTRICLES IN THE CAT 








Time Ventricular Fibrillation | Ventricular Tachycardia 
(min.) Threshold (mA) Threshold (mA) 
0 3-5 0-22 
3 3-0 0-25 
6 3-2 . 
7 Procaine amide 25 mg./kg. 
intravenously 
- >20 0-28 
12 >20 Not tested 
15 >20 »» 2» 
64 17 0:28 











Instead, therefore, of measuring the increase in 
the threshold for the development of these arrhyth- 
mias, the refractory period, atrio-ventricular con- 
duction time, and excitability were measured 
directly. 


Single Shock Method 


Experiments were performed in 41 cats, each cat 
receiving 1-4 drugs during the course of the experi- 
ment. Each drug was the first to be tested in at 
least two cats. All measurements were allowed to 
return to steady levels before a further drug was 


- given, and the drug tested was given at least twice 


to each cat. 


Quinidine, 5 mg./kg., was tested in 10 cats, and in 
all of these it was the first drug to be given. The 
effects are shown in Table II. 


Nine antihistamine compounds were tested, in a 
dose of 5 mg./kg.—mepyramine, promethazine, 
pyribenzamine, chlorprophenpyridamine, chlorcy- 
clizine,. phenindamine, antazoline, and diphen- 
hydramine. 3300 R.P. was also examined; though 
chemically similar to promethazine, it has only slight 
antihistamine activity. All these substances had, 
to a variable degree, the property of increasing the 


TABLE II 


MEAN RESULTS OF THE EFFECT OF 5 MG./KG. QUINIDINE 
SULPHATE, MEPYRAMINE, PHENINDAMINE, AND 3300 
R.P. INTRAVENOUSLY IN CATS 





% Increase Over Control Readings 














Quini- Mepyr- Phenind- 3300 
dine amine amine R.P. 
Mean +S.D.|Mean+S.D.|/Mean+S.D.| Mean+S.D. 
Interval between 
two ventricu- 
lar systoles.. | 13-1* 24-2+16-7 | 36:1420-5| 76+ 46 
Total refractory 
period -- | 18-04+12-6 | 22-74 5-8 | 45-2122-4| 12-8+ 8-3 
Relative refrac- 
tory period 25-1* 25-3* 103-9* 16-8-+15-6 
Absolute refrac- 
tory period.. | 20-6+10-9 | 25-0+10-6 | 46-4427:6| 9-2+ 8-8 
Atrio-ventricular 
conduction 
time -- | 16-7411-3 | 15-34 8-3 | 59-6* 19-7+13-9 
Conduction vel- 
ocity in ven- 
tricle .. | Increased | Increased | Increased | Increased 
No. of cats 10 5 5 4 











* S.D. greater than mean. 


total, relative, and absolute refractory periods, the 
duration of the action potential, and the conduction 
velocity of the ventricular muscle. They also 
increased atrio-ventricular conduction time and 
decreased the heart rate. The effects varied con- 
siderably from cat to cat and it is possible only to 
give an approximate comparison with quinidine: 
although quinidine sometimes appeared to have 
more effect on the relative refractory period than 
did the antihistamines this was not always so. 
Chlorcyclizine and phenindamine appeared more 
active than quinidine. Mepyramine, promethazine, 
diphenhydramine, pyribenzamine, and antazoline 
were next in order of activity—comparable with 
that of quinidine—whereas chlorprophenpyridamine 
and 3300 R.P. showed little activity. Table Il 
gives representative examples of the effect of each 
of these groups, compared with that of quinidine. 
The large standard deviations give some indication 
of how variable the results were. 

The duration of action of all these drugs was 
usually very short—rarely longer than 10 min. All 
generally produced, like quinidine, a profound fall 
in blood pressure lasting 15 to 30 sec. The typical 
changes produced are shown in Table II. 


Excitability—It proved difficult to obtain con- 
sistent measurements of the strength-duration curve. 
Various types of stimulating electrodes were used. 
Bipolar electrodes gave very erratic current readings, 
the interelectrode resistance changing considerably 
according to the state of the heart. The variation 
was reduced by using a unipolar stimulating elec- 
trode on the heart and an indifferent electrode 
inserted into the intercostal muscles. Another 
difficulty in interpreting apparent changes in the 
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strength-duration curve was that drugs often 
increased the relative refractory period so that it 
continued until the next beat. 

However, quinidine and the antihistamines did 
appear to increase the threshold to the shorter 
duration shocks; those of long duration were less 
affected. This increase was always accompanied 
by changes in the refractory period and conduction 
time. A typical example is shown in Fig. 2. There 
appeared to be no qualitative difference between 
quinidine, the antihistamines, and procaine amide 
in these effects. 
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Fic. 2.—Typical strength-duration curve of ventricular muscle of the 
cat heart in situ. Abscissa: logarithm of the duration of the 
stimulating square wave shock in microseconds. Ordinate: 
minimal current in mA required for excitation. Interrupted 
curve before, and continuous curve after, 5 mg./kg. of diphen- 
hydramine intravenously. The effect of the drug is to increase 
the threshold to short rather than to long duration shocks. 


Other drugs were tested on a few cats. Procaine 
amide (25-50 mg./kg. in four cats), synephrine 
(20 mg./kg. in one cat), tolazoline (2.5 mg./kg. in 
one cat), and cocaine hydrochloride (3.0 mg./kg. in 
one cat) all cause changes resembling those produced 
by quinidine. Digoxin in one cat in a total dose of 
0.15 mg./kg. produced no change in the strength- 
duration curve although this dose of digoxin even- 
tually killed the cat. In one cat, aminophylline, 
15 mg./kg., had no effect.. Relatively large doses of 
caffeine (one cat, 20 mg./kg.) slightly reduced the 
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absolute and relative refractory periods and slightly 
increased the heart rate. 

A group of six cats treated for two weeks with 
thyroxine-sodium (0.1 mg. daily by mouth) showed 
no significant difference from normal cats. How- 
ever, the normal range is wide. 


Fibrillation Threshold—No evidence could be 
found for the existence of a vulnerable period in the 
cat ventricular muscle, as described by de Boer 
(1921) in the frog ventricle and Andrus and Carter 
(1930), Wégria and Wiggers (1940), and Wiggers 
and Wégria (1939; 1940) in the dog. Ventricular 
fibrillation was not obtained with single shocks but 
was produced by repetitive stimuli of the same 
intensity. However, current strengths of not more 
than 5 mA were used, and the authors quoted used 
10-20 mA. Even with 5 mA single shocks there 
was gross current spread as shown by extensive 
nerve and muscle excitation. It may be that the 
effect of single shocks which cause ventricular fib- 
rillation is to produce prolonged depolarization of 
the ventricular muscle. Such a depolarization might 
favour the development of irregular recovery of 
excitability and re-entry of the propagated dis- 
turbance. 


DISCUSSION 


The method used for causing ventricular fibrilla- 
tion by adrenaline during light chloroform anaes- 
thesia produced very variable results. The circula- 
tory failure which resulted must have led to anoxia 
of the cardiac muscle, and one cannot be certain 
whether the action of a drug in stopping the fibrilla- 
tion is by way of an antiadrenaline effect, or by a 
direct action on the heart itself. Moreover, the 
mode of action of chloroform and adrenaline in 
producing ventricular fibrillation is unknown. 
Hence the use of this method is empirical and of 
doubtful value in screening possible antifibrillatory 
agents. It also involves the use of large numbers 
of cats. 

Somewhat similar conclusions apply to the method 
which uses repetitive electrical stimuli to induce 
fibrillation. This method may cause burning of the 
ventricular muscle and extensive spread of excita- 
tion. The use of ventricular tachycardia as an end 
point is also likely to give false information, for the 
arrhythmia induced is not self-supporting. 

The single shock method in which changes of 
refractory period, conduction time, and strength- 
duration curve are measured in the normally beating 
heart gives more information than the other methods 
and is the main justification for its use. The con- 
duction velocity in ventricular muscle, as measured 
by two electrodes on the muscle itself, was so high 
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that only a few milliseconds were required for the 
action potential to invade the whole of the ven- 
tricles; although this was increased by the quini- 
dine-like agents tested, it was still only a fraction of 
the time occupied by the relative and absolute 
refractory periods (200 msec. approximately). It is 
therefore difficult to imagine that this increase will 
counteract the effect of an increase in the refractory 
period on a hypothetical circus movement. 

The measurements of excitability posed some 
interesting problems. Thus, one was in doubt as 
to whether a change in the strength-duration curve 
as measured was the combined result of many 
changes in the muscle or was due merely to an 
alteration in the magnitude of the resting membrane 
potential or its potential for threshold depolarization. 
When using external electrodes there may be changes 
in an equivalent impedance in series or in parallel 
with the membrane and electrode unconnected with 
changes in the muscle itself. Burgen and Terroux 
(1953) showed that, although change in the strength- 
duration curve indicated an increase in excitability 
of the isolated cat’s atrium after acetylcholine, the 
membrane potential was actually increased. This 
might be due to a change in the rate of increase of 
sodium conductance after threshold depolarization. 
A slowing of the rate of increase in sodium con- 
ductance might be accompanied by a reduction in 
the rate of collapse of membrane potential, and 
hence also a reduction in the velocity of conduction 
of the excitatory wave. It seems possible then that 
excitability and conduction velocity, and perhaps 
some other variables, may be fundamentally related. 

Some confusion surrounds the meaning of the 
term “excitability.” Clinically, an increase or 
decrease in “‘ excitability ’’ is often used to describe 
an increase or decrease in the predisposition of the 
heart to the development of arrhythmias. Thus 
adrenaline and digitalis are said to increase “‘ excit- 
ability ’’ of the heart and quinidine to decrease it. 
That a change in “ excitability ” as meant above is 
the result of a change in the electrical excitability as 
determined by a strength-duration curve does not 
necessarily follow. Large doses of digoxin, which 
are said to increase excitability of the cardiac 
muscle, produced no change in the strength-duration 
curve in the present work. 

The results of the single shock method did not 
reveal any qualitative differences in action between 
quinidine and the antihistamines. The doses of 
antihistamine compounds needed to cause com- 
parable effects in the cat were of the same size as 
those used for quinidine. The results for procaine 
amide differ from those observed by Woske, Belford, 
Fastier, and Brooks (1952), who found it did not 


increase the refractory period of ventricular muscle 
very much but greatly decreased electrical excit- 
ability. 

It seems unlikely that any fundamental advance 
will be made in our understanding of the mode of 
action of these drugs upon the heart until their effect 
upon individual cardiac muscle fibres has been 
examined more thoroughly. 


SUMMARY 


1. The quinidine-like or antifibrillatory activity 
of drugs on the cat’s heart in vivo has been examined 
by four methods. 


2. Quinidine, several antihistamine compounds, 
procaine amide, and other drugs had qualitatively 
similar actions on refractory period, conduction 
velocity, electrical excitability, and atrio-ventricular 
conduction time. Chlorcyclizine and phenind- 
amine appeared to be slightly more active than 
quinidine. . 


This work was carried out during the tenure of a 
Medical Research Council grant for training in research 
methods. My thanks are due to Professor E. J. Wayne 
and Dr. D. R. Wood for their encouragement and helpful 
advice throughout; to Dr. F. A. Renson of the Depart- 
ment of Electrical Engineering, University of Sheffield, 
for his design of one of the stabilized power supplies; 
and to Mr. W. Naylor of the Physics Department, 
University of Sheffield, for his invaluable advice during 
the construction of the electronic apparatus. 
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QUANTITATIVE MEASUREMENTS ON SPREADING 
PHENOMENA IN SKIN 


BY 


GWENDA R. BARER 
From the Nuffield Institute for Medical Research, University of Oxford 


(RECEIVED APRIL 7, 1954) 


Intradermal injections are often used in experi- 
mental and clinical studies of the skin, but little is 
known of the pressure changes which they cause. 
Hechter (1947) believes that raised interstitial 
pressure, whether caused by intradermal injection 
or accumulation of inflammatory fluid, is responsible 
for the spreading of substances in skin, and that the 
action of hyaluronidase cannot be demonstrated if 
there is no pressure gradient. He concluded that 
the action of hyaluronidase was increased when it 
was injected in large volumes of fluid. The inter- 
stitial pressure was also presumed to increase as the 
volume injected was increased, but no measurements 
of pressure were made. 

The present work was undertaken to determine 
the pressures produced in normal skin when sub- 
stances are injected into it, and an attempt was 
made to test Hechter’s idea quantitatively. Rapid 
serial radiography has been used to determine the 
time relations of hyaluronidase action in skin, and 
spreading phenomena in skin have been studied 
after the administration of cortisone and salicylate. 


METHODS 


Rabbits were dry-shaved 24 hr. before use, and were 
anaesthetized with pentobarbitone intraperitoneally 
(40 mg./kg.). The skin of the back, flank, abdomen, 
and ears was used, control and test injections being given 
at comparable sites on either side of the midline. The 
occasional very thick patches found in rabbit skin were 
avoided. To measure the intradermal pressures during 
an injection of fluid, a condenser manometer was con- 
nected between a micrometer syringe and needle by means 
of a brass T-piece; the T-piece was joined by short 
lengths of plastic tubing which were bound with wire to 
prevent expansion. The output of the condenser 
manometer was displayed on a cathode ray oscilloscope 
and recorded photographically. The rate of injection 
was controlled by a velodyne motor (Williams and 
Uttley, 1946). The expansibility of the system was 
tested and found to be very low; leaks were negligible. 
The needles used were of such a bore that there was no 
pressure loss due to the passage of fluid through them 
at normal rates of flow. In a few experiments excep- 


tionally rapid injections caused a slight change in 
pressure in the system when detached from the skin; 
this pressure change was allowed for in subsequent 
calculations. 

Spreading was studied by a method previously des- 
cribed (Barer, 1952), in which thorotrast with and without 
hyaluronidase (Benger’s Hyalase) is injected into the thin 
part of rabbits’ ears. Radiographs are taken at intervals 
and the area of the injection mass is measured. Injec- 
tions were either made slowly by hand as steadily as 
possible (0.1 ml. in 1 min.) or by the mechanical method 
described above. Cineradiograms at 2/sec. were taken 
to determine the time relations of the action of hyaluroni- 
dase. The injection mass fills the whole depth of skin 
between epidermis and cartilage and no significant 
spread occurs in a downward direction; spreading 
therefore takes place radially from a disc-shape mass of 


thorotrast and the measurement of area rather than 


volume is justified. Lymphatics are also filled when 
rabbits’ ears are injected in this way, so that a certain 
quantity of thorotrast is carried away. This error is, 
however, present in all methods using intradermal 
injections. 

Cortisone acetate was obtained through the generous 
gift of the Merck Foundation to the Medical Research 
Council. 


RESULTS 


Interstitial Pressures Produced by Injection.—The 
pressures reached in the skin when saline was injected 
intradermally at various speeds were measured in 
28 experiments, and Fig. 1 and Table I illustrate the 


TABLE I 


INTERSTITIAL PRESSURE PRODUCED IN SKIN BY THE 
MECHANICAL INJECTION OF SALINE AT VARIOUS RATES 


(Typical experiment) 








Rate of Plateau Pressure 
Injection (mm. Hg) Mean 
(ml. /min.) (Each value represents one injection) 
0-0016 42 28 35 
0-0025 50 32 45 42 
0-005 75 ] 48 | 40 | 54 | 60 | 42 53 
0-012 120 88 38 63 77 
0-06 138 190 180 170 123 150 94 149 
0-13 127 190 159 
0-19 345 406 312 324 382 138 318 
0-35 326 | 294 | 246 289 
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results obtained. Usually the pressure rose to a 
plateau value and remained constant or very gradu- 
ally increased until the end of the injection; it rose 
and fell rapidly when the rate of injection was 
varied (Fig. 2). Sometimes a slight peak preceded 
the plateau. The magnitude of the plateau pressure 
varied with the rate of injection and not with the 
volume injected, although it varied considerably 
from site to site and from animal to animal. Table 
II shows that in two experiments the plateau 
pressure was reached, over a wide range of injection 
speeds, when an approximately constant volume of 
fluid had been introduced. 

When injections were made rapidly by hand the 
pressures produced were too high to be recorded 
by the manometers available. Experiments per- 
formed by Dr. D. G. Wyatt (personal communica- 
tion) showed that when a syringe whose piston was 
53 mm. in diameter was 
compressed against a mer- 
cury manometer by hand, 
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a mean pressure of 300 mm. 
Hg was produced. With 
syringes of smaller bore the 
pressure would be greater 
(Pocl/d*). 

No clear relationship was 
found between the rate of 
fall of pressure after an 
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Fic. 2.—Rise in intradermal pressure caused by an intradermal 
injection of saline. The speed of injection was varied as shown 
in the lower part of the graph. 


100° 120 140 160 180 
Time in Sec. from start of Injection 


Fic. 1.—Rise in intradermal pressure caused by intradermal injections of saline. (A) Fast mechanical 
injection (0.088 ml. in 15 sec.). (B) Slow mechanical injection (0.0048 ml. in 2 min.). 


injection had ceased and the 
volume injected, but for 
technical reasons the pres- 
sure was not followed to 
very low levels. 


The pressures recorded during and after the 
mechanical injection of hyaluronidase in saline 


TABLE II 


TO SHOW THAT THE VOLUME OF SALINE INJECTED WHEN 
THE INTERSTITIAL PRESSURE REACHES A PLATEAU IS 
INDEPENDENT OF THE RATE OF INJECTION 








a _—— 
Rate of Injection (When ametitiel 
(ml./min.) pressure reaches a 
plateau) 
Experiment I 0-0025 
0-06 0-0025 
0-0035 
0-0027 
0-036 0-0036 
0-:0033 
0-0024 
0-024 0-0036 
0.0035 
Experiment II 0-09 0-0021 
0-06 0-0025 
0-01 0-0024 
0-005 0-0025 
0-002 0-0016 
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(1 mg./100 ml.) into the skin fell within the same 
range as those observed after administration of 
saline alone. The plateau pressure varied with the 
rate of injection, and the rate of fall of pressure after - 
injection was as variable as it was after saline only. 


The Action of Hyaluronidase when Injected at 
Different Pressures —A constant volume (0.1 ml.) 
of hyaluronidase (1 mg./ml.) dissolved in thorotrast 
was injected mechanically into rabbits’ ears at 
different speeds and the rate of spreading was studied 
from serial radiographs. Interstitial pressures were 
measured simultaneously in only a few experiments, 
for it has been shown already that the pressure 
during injection varies with the rate of injection. 
Thorotrast and hyaluronidase were injected at rates 
varying from 0.1 ml. in 18 sec. to 0.1 ml. in 2.75 min. 
As Table III shows, the mean radius of the injected 
mass 30 sec. after the end of the injection was 
greater for the slow injections than the fast. How- 
ever, the radius at 5 and 20 min. after injection was 
similar for all rates of administration. 


Time Relations of the Action of Hyaluronidase in 
Skin.—The action of hyaluronidase in skin is 
extremely rapid. In 11 experiments manual injec- 
tions were made as quickly as possible (taking 
about | sec.) and radiographs were taken at the rate 
of 2/sec. from the moment of completion; it was 
found that in the first picture (immediately after the 
end of the injection) the areas of hyaluronidase 
injections were greater than those of saline controls. 
When injections were made mechanically (0.1 ml. in 
1 min.) and radiographs were taken during the 
injection, the hyaluronidase areas were all greater 


190 }— 
180 }— 
170 }- 
160 | 
oe 
4 : 
F30| ee e ® 
1200@ © ee ® 
110 |_ 1 


e 
100 | a 
908° 
80 








R. BARER 


TABLE III 


RATE OF SPREAD OF HYALURONIDASE IN THOROTRAST* 
WHEN INJECTED INTO THE SKIN OF RABBITS’ EARS AT 
VARYING RATES 

















Time taken Radius of Injection 
Expt. to Inject Mass (mm.) at 
No. 0-1 mi. 
(sec.) 30 sec. 5 min. 20 min. 
1 18 5-6 7:2 9-3 
2 18 77 9-6 11-5 
3 18 8-5 ca.9°8 ca.11-2 
4 20 71 9-1 10-1 
5 20 6-2 7:5 9-0 
6 23 8-0 9-8 11-6 
7 24 6:2 7-7 10-3 
Mean for injection times 
less than 30 sec. 6°8 8-5 10-3 
8 35 79 9-1 
9 60 5-8 6-9 
10 62 8-1 9-7 10-8 
11 110 6:7 78 8-9 
12 110 7:7 8-9 
13 150 9-1 10-2 11-2 
Mean for injection times 
greater than 30sec. .. 7:5 8-8 10-3 














* 1,000 Benger units=1 mg. in 1 ml. thorotrast. 


TABLE IV 


AREAS (MM.’) OF INJECTION MASS DURING AND AFTER 
MECHANICAL INJECTIONS INTO RABBITS’ EARS 





Interval from Start 
of Injection (sec.) 


15 30 45 60 90 150 
Thorotrast 0-1 ml. in 29 55 73 87 125 131 


Substance 
Injected 




















60 sec. 25 47 62 83 97 109 
33 45 68 84 112 123 

Thorotrast + hyalur- 52 91 124 151 188 220 
onidase* 0-1 ml. in 62 97 117 145 171 199 
60 sec. 44 68 93 132 165 185 


54 87 128 160 193 | 215 























* 1 mg.=1,000 Benger units/ml. 


than those of controls in 
the first picture, taken at 
15 sec., when only 
0.025 ml. had been in- 
jected (2 experiments, 
Table IV). 

Reasonably accurate 
estimations of the area 
of the injection mass may 
be made at frequent 
intervals (Fig. 3). Spread- 
ing is very rapid at first; 
it continues more slowly 
for several hours after 
hyaluronidase + thoro- 
| we trast injections, whereas 
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Fic. 3.—Rapid action of hyaluronidase in skin. (A) Spreading of thorotrast + hyaluronidase (0.1 ml. 
of 1 mg. enzyme/ml.) in a rabbit’s ear. (B) Spreading of thorotrast alone in a rabbit’s ear. The area 
occupied by the thorotrast was measured from rapid serial radiographs. 


Lead 

13 14 15°16 171819 — injections of saline + 
thorotrast reach their 
maximum area in about 
90 min. Hechter (1947) 
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THE EFFECT OF CORTISONE AND SALICYLATE ON SPREADING PHENOMENA IN THE SKIN OF RABBITS’ EARS 


Area (mm.?) after injection of thorotrast.* 























Thorotrast Only (0-1 ml.) Thorotrast + Hyaluronidaset (0-1 ml.) 
Treatment 
After 0 5 10 60 0 5 10 60 min. 

(1) Saline controls — 122+33 144+41 242+81 aia 274+48 321172 5294138 
(2) Cortisone 10 mg./kg. 14-3 hr. 97+14 125+27 144437 205+50 215+25 260+41 296+32 $22+109 

previously 4 = oa (5) (5) 
(3) Cortisone 10 mg./kg. daily for 5 125 180 212 323 

days - oa isi MR 106 125 140 235 175+-49 233472 268 +79 374+114 

(2) (7) 

(4) Na Salicylate 0-4 g./kg. ip. or 100 +20 140+24 167130 249+71 202+12 288 +40 358+ 50 _ 

0-1 g./kg. i.v. 4-2 hr. previously (11) (5) 





























Number of ears used are indicated in brackets. * Measured from radiographs. The mean area and standard deviation are given. 
In the first 4 columns of line 3 actual values are given instead of the mean, owing to the small number of animals used. f 1 mg. enzyme 


dissolved in 1 ml. thorotrast. 


states that the action of hyaluronidase is complete 
in 10-20 min. unless the preparation contains 
substances increasing the permeability of capillaries 
so that spreading is prolonged by the advent of 
oedema fluid. Thorotrast causes no visible inflam- 
mation in the first few hours after injection into 
the skin. 


Cortisone and Salicylate-—Table V compares the 


rate of spread of thorotrast with and without . 


hyaluronidase in five rabbits treated with a single 
dose of cortisone (10 mg./kg. intramuscularly 
14-3 hr. before injection), seven rabbits treated with 
five similar daily doses of cortisone (the last 14-3 hr. 
before test), and 10 untreated rabbits. The values 
for the treated animals fall within the range of the 
controls. Large numbers could not be _ used, 
because of a limited supply of cortisone. 

The low values sometimes observed in the later 
stages of spread after hyaluronidase injections 
might be due to suppression of an inflammatory 
reaction, since cortisone is known to have this 
effect. However, a dose of cortisone in one rabbit 
did not alter the changes in spreading phenomena 
in skin produced by inflammation (early turpentine 
lesion) which have been described previously 
(Barer, 1952). Cortisone (0.2 ml.) was also injected 
locally into one ear and the proprietary medium in 
which it was suspended was injected into the other 
ear (0.2 ml.) of each of 11 animals. Subsequent 
injections of thorotrast at intervals of 15 min. to 
4 hr. showed that spreading on both the control 
and cortisone sides resembled that seen in early 
inflammation (Barer, 1952). Instead of being a 
clear-cut disc the injection mass became blurred at 
its margins, which extended outwards as finger-like 
processes. Lymphatics filled less well than usual, 
and small quantities of thorotrast which entered 
lymphatics failed to drain away normally to lymph 

Zz 


glands. These changes suggest that the suspending 
medium causes a fairly severe inflammation. In 
confirmation of this, pontamine sky blue injected 
intravenously leaked out into both cortisone and 
suspending medium areas. 

The results obtained when spreading was studied 
in animals treated with one dose of sodium salicylate 
(0.4 g./kg. ip. or 0.1 g./kg. iv.) are also shown in 
Table V. The rate of spread of both control and 
hyaluronidase areas falls within normal limits. 


The Action of Hyaluronidase on Lymphatic Filling. 
—Lymphatics filled less when rabbits’ ears were 
injected with thorotrast + hyaluronidase as com- 
pared with thorotrast alone. It is not possible to 
put this observation on a quantitative basis, since 
lymphatics may be directly entered by chance. 
However, in 10 rabbits all the ears injected with 
thorotrast alone showed good lymphatic filling; 
the corresponding ears injected with hyaluronidase 
and thorotrast showed moderate filling in one, much 
less filling than that of the controls in two, and 
negligible or no filling in seven. 


DISCUSSION 


The high pressures which were recorded during 
intradermal injections are in keeping with those 
found by previous workers (Miles and Miles, 1952; 
Winter and Flataker, 1952), and are consistent with 
the belief that the matrix of the dermis is compara- 
tively rigid and without “free” fluid in the phy- 
siological state. The present method has enabled 
the pressure changes which follow intradermal 
injections to be analysed more completely than 
hitherto, and has shown that the interstitial pressure 
bears little relation to the volume introduced in the 
range of volumes tested, but varies with the rate of 
injection. This suggests that with these volumes 
the tissue elements which contain the injection mass 
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are stretched beyond their elastic limit, and that 
skin structure is grossly disorganized by an intra- 
dermal injection (Bensley, 1949-50). When skin 
properties are studied by injection methods, micro- 
scopic volumes of fluid should therefore be used 
whenever possible. From Fig. 1B, it can be 
deduced that volumes of the order 0.0004 ml. and 
less would be desirable if large increases in pressure 
are to be avoided. 

No significant difference was found between the 
pressures attained when saline and saline + hyal- 
uronidase were injected. This conflicts with the 
findings of Winter and Flataker (1952), who used a 
single rate of injection in rats. No explanation can 
be offered except that gross species differences occur 
in skin properties (Bangham, 1951). It is possible 
that such differences may only be present at very 
low pressures before the tissue elements are dis- 
organized. 

The very rapid quickly diminishing action of 
hyaluronidase in skin which has been demonstrated 
is consistent with the conception of Day (1950, 
1952) in which connective tissue is pictured as being 
‘“* waterproofed’ by large molecules which are 
rapidly removed by hyaluronidase. 

The fact that injection pressures were within 
normal limits during hyaluronidase injections 
suggests that hyaluronidase does not reduce the 
resistance to flow throughout the entire connective 
tissue matrix. It may simply open up fibres of 
molecular dimensions, possibly alongside the fibres 
of the protein network recently demonstrated by 
Day (1952b). The resistance of such channels would 
be high, so that even the large pressures caused by 
injections would not produce much flow. 

Hechter’s prediction that interstitial pressure 
would rise with the volume of fluid injected into the 
skin was not borne out by measurements, at least in 
the range of volumes tested. It remains possible 
that the pressure stays raised for longer periods after 
large than after small injections, since the fall of 
pressure was not followed to very low levels. 

Hechter compared the difference between the 
areas attained by spreading from a large hyaluroni- 
dase injection and a large control injection, with 
the difference between the areas attained by spread- 
ing from a small hyaluronidase injection and a small 
control injection, and concluded that hyaluronidase 
was more effective when the volume injected was 
larger. But the rate of increase of area is a function 
of the initial area while the rate of increase of radius 
is not. Geometrically, the difference in the final 
areas will be greater for the large than for the small 
injections, even if the difference between the rate of 
advance of the margins (rate of increase in radius) 
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of hyaluronidase and control areas is the same. 
The rate of increase in radius (calculated from 
Hechter’s data) after intradermal injection increased 
with the volume of the injection after both hyal- 
uronidase and control injections. Taking the data 
as a whole there was no significant difference between 
them. 

Reports have appeared in which cortisone (or 
less pure adrenal products) decrease (Winter and 
Flataker, 1950; Mahaux and Stienlet, 1951; 
Opsahl, 1949a, b, and c; Ducommun, Timiras, and 
Dordoni, 1951), increase (Hayes and Bridgman, 
1951; Coste and Bourel, 1951), or have no effect 
(Holborow and Keech, 1951) on intradermal 
spreading. Hayes and Baker (1951) and Coste and 
Bourel (1951) found the direction of the effect to 
depend on the dosage, and the latter workers found 
that it depended on the test animal. Some have 
reported a specific inhibiting action on hyaluronidase 
(Opsahl, 1949), while others consider this to be no 
greater than the effect on controls. Adrenalectomy 
was found to increase spreading (Opsahl, 1949; 
Winter and Flataker, 1950). In the present work 
cortisone was found to have no significant effect 
either on hyaluronidase or controls. Many workers 
have not measured the areas of injected substances 
until several hours, sometimes 24 hours after injec- 
tion. Earlier readings are more reliable, since with 
the passage of time the onset of mild inflammation 
or the ingestion of foreign material by macrophages 
will influence the area occupied by the injected 
material. The considerable variation in control 
observations might obscure small differences due to 
cortisone, and the necessity of using different 
animals for the control and treated series is also a 
drawback. The answer to the question as to 
whether cortisone has any action on the matrix of 
the connective tissue may have to await the develop- 
ment of more delicate methods. 

The local “* spreading ”’ action of cortisone is due 
to the suspending medium, a conclusion reached 
by Menkin (1951), who also found that the sus- 
pending medium caused an increase in capillary 
permeability. 

Conflicting reports have been published on the 
effect of sodium salicylate on spreading in skin with 
and without hyaluronidase. Guerra (1946) claimed 
that hyaluronidase is inhibited, but Swyer (1948a 
and b) in both in vivo and in vitro studies found that 
salicylate inhibited the increase of capillary per- 
meability caused by histamine and snake venoms 
but not the action of pure hyaluronidase. Jacot, 
Ducommun, Timiras, and Selye (1951) claim that 
large doses of salicylate decreased the permeability 
of skin and that this effect cannot be obtained after 
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adrenalectomy. In the experiment; which have 
been described salicylate did not alter spreading in 
rabbits’ skin. 


SUMMARY 


1. The pressure changes accompanying and 
following intradermal injections have been measured. 
When fluid is injected continuously at a constant 
rate the pressure reaches a plateau which varies 
with the rate of injection and not with the volume 
injected. 

2. The effect of pressure on the action of 
hyaluronidase and the time relations of hyaluroni- 
dase action in rabbit skin have been investigated. 


3. Spreading in skin with and without hyaluroni- 
dase was not significantly altered by preadministra- 
tion of cortisone or salicylate. 


4. Changes in spreading properties of skin near 
local injections of cortisone were found to be due 
to the suspending medium. 


Many thanks are due to Dr. G. S. Dawes for much 
helpful criticism, and also to Dr. D. Wyatt for his advice 
on physical problems. The expert radiological assistance 
of Mr. M. S. Tuckey is also gratefully acknowledged. 
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CHEMICAL AND PHARMACOLOGICAL PROPERTIES OF THE 
POTENT, SLOW CONTRACTING SUBSTANCE (KININ) 
IN WASP VENOM 


BY 


M. SCHACHTER anp E. M. THAIN* 
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(RECEIVED APRIL 26, 1954) 


The venom of the common wasp (Vespa vulgaris) 
has recently been shown to contain high concen- 
trations of histamine, of 5-hydroxytryptamine, and 
also of a highly potent material which produces a 
characteristic delayed, slow contraction of the 
isolated guinea-pig ileum (Jaques and Schachter, 
1954a). In the present work, further chemical and 
pharmacological properties of this unidentified 
substance have been studied. The results of these 
experiments indicate that the active material is of 
a polypeptide nature, and that in addition to its 
action on guinea-pig intestine it has a marked 
ability to contract rabbit intestine and to lower the 
arterial blood pressure of the rabbit and cat. Since 
all these actions were retained without relative loss 
of any activity during purification, it appears that 
a single substance accounts for all the pharma- 
cological effects observed. If several substances 
are involved they must be so similar as to be isolated 
to the same degree during purification. 

This substance in wasp venom is readily dis- 
tinguished from quick contracting substances such 
as acetylcholine, histamine, and 5-hydroxytrypt- 
amine. It is, however, similar in many respects to 
substance P (Euler and Gaddum, 1931; Pernow, 
1953), and to bradykinin (Rocha e Silva, Beraldo, 
and Rosenfeld, 1949), both of which are slow 
contracting polypeptides. 

Since this substance in wasp venom cannot as 
yet be identified with any substance hitherto des- 
cribed, it is tentatively designated as wasp (or 
venom) kinin, or simply as kinin. 


METHODS 


Assay on the guinea-pig ileum was performed in a 
15 ml. bath in the presence of atropine (0.2 ug.). Mepy- 
ramine (0.4 ug.) was added as well when assaying kinin 
activity. Desensitization to 5-hydroxytryptamine was 
accomplished by prolonged exposure of the preparation 
to this substance itself. Rabbit intestine was arranged 
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in the same way and atropine (0.2 wg.) only was added 
throughout the experiment. Such a preparation does 
not respond significantly to histamine or 5-hydroxy- 
tryptamine. 

Cats were anaesthetized with chloralose (80 mg./kg.) 
intravenously, preceded by ether, and rabbits with 
intravenous pentobarbitone sodium (30 mg./kg.) plus 
ether, if necessary. Arterial blood pressure was recorded 
with a mercury manometer from the common carotid 
artery, and intravenous injections were made through 
a cannula in the femoral vein. Cats were injected with 
atropine (0.5 mg./kg.) and mepyramine (1 mg./kg.) and 
rabbits with atropine (0.5 mg./kg.). Such preparations 
were insensitive to the maximal amounts of histamine 
and 5-hydroxytryptamine present in the crude venom 
injected. 

Wasp Venom.—Wasp venom was obtained from the 
common wasp (Vespa vulgaris). Wasps were caught 
alive, frozen at —10° C., thawed out, and the entire 
venom apparatus removed by simply pulling gently on 
the sting with fine forceps. Large numbers of such 
entire apparatuses were dried over P,O,, finely ground 
and stored at —10° C. This material, referred to as 
wasp powder, has been kept at — 10° C. for months with 
no apparent loss of activity. Approximately 30% of 
the wasp powder was soluble in saline, which is the same 
value as that found by Jaques and Schachter (1954a). 
Throughout this investigation, expressed weights of 
venom are 30% of the weight of the dry venom 
powder. 


Bee Venom (Apis mellifica)—Bee venom apparatus 
was removed in the same manner as described for 
wasps, but dried and stored as intact venom apparatus 
in sealed glass tubes at —10° C. Approximately 45% 
of the bee venom apparatus was found to be soluble in 
saline; hence expre: values for weights of bee venom 
are 45% of the weight of dry venom apparatus. 


Paper Chromatography.—Ascending chromatograms 
were run on Whatman’s No. ! filter paper with the 
n-butanol-acetic acid-water solvent described by Par- 
tridge (1948). Ina few instances ‘‘ Analar ’’ phenol plus 
5%, water was used. The aqueous venom solution was 
applied to the paper as a strip 3-5 mm. wide and approxi- 
mately 15 cm. long (at a concentration of about 1 mg./ 
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10 cm.). Chromatograms were run for about 16 hr. at 
room temperature, dried in a gentle current of air, cut 
into strips parallel to the origin, and the strips dried in 
a vacuum desiccator. The origin strip (strip O), was 
1 cm. wide and comprised the area of application and a 
few mm. on either side, the adjacent strip was 1.5 cm. 
wide, and the remainder cut into 2.5 cm. strips. The 
components were eluted from the strips by maceration 
with distilled water or saline. Markers of histamine 
and 5-hydroxytryptamine (25 wg. each) were placed as 
spots outside the main line of venom. The marker 
strips and a narrow vertical section of the venom strip 
were sprayed with Pauly’s reagent (diazotized sulphanilic 
acid) after drying. 

Drugs.—Histamine was in the form of acid phosphate, 
5-hydroxytryptamine as synthetic creatinine sulphate, 
and mepyramine as maleate. Weights of histamine and 
5-hydroxytryptamine are expressed as base. Crystalline 
preparations of trypsin and chymotrypsin derived from 
bovine pancreas (Armour Laboratories) were employed 
in all experiments. 


RESULTS 


Properties of Kinin Using the Isolated Guinea-pig 
Ileum as Test Preparation 


The addition of 10 ug. of crude wasp venom to 
the isolated guinea-pig intestine (in the presence of 
atropine and mepyramine) regularly produced a 
delayed, slow contraction which reached its maxi- 
mum in approximately 50 sec. The delay of 
contraction was less with highly sensitive intestinal 
preparations or with large amounts of kinin, but 
was usually 5-10 sec. Complete relaxation of the 
muscle usually occurred within 45-60 sec. after 
washing out the bath with Tyrode’s solution. 
Intervals between contractions were kept at 4 or 
4.5 min. The responses were quite constant, parti- 
cularly with purified preparations. 


Stability—Kinin dissolves readily on addition of 
saline or water to dry wasp venom and the venom 
solution is slightly acidic (pH 5-7). Such solutions, 
however, gradually lose activity at room tempera- 
ture. The loss of kinin activity of venom solutions 
in saline, at room temperature for 24 hr., has 
varied from 15 to 80% in different experiments. 
Stability is increased at 4° C., but even under these 
conditions 50% or more of the activity may be 
lost in 72 hr. We were, therefore, early faced with 
the practical problem of stabilizing kinin in aqueous 
or saline solutions of venom for at least 24 hr. under 
working conditions. Assuming that its destruction 
might be enzymic in part, we tested the effect of 
heating freshly prepared venom solutions in a 
boiling water bath for 3-5 min. This procedure 
effected considerable stabilization of the active 
substance so that on no occasion was there a 


significant loss of activity for 24 hr. at room tem- 
perature, nor for 72 hr. at +4° C. Heating in this 
way does not destroy any kinin, since heated pre- 
parations possess activity equal to that of freshly 
dissolved venom. Heated solutions could be 
frozen and kept for weeks at —10° C. without loss 
of activity. Preliminary heating of aqueous or 
saline venom solutions in a boiling water bath for 
3-5 min. was always performed when material was 
required for biological testing or paper chromato- 
graphy. 

Kinin was found to be heat stable in neutral and 
slightly acid solutions, less stable at low pH and 
very unstable at high pH. Thus, heating venom 
solutions (50 yg./ml.) in a boiling water bath for 
10 min. at pH 6, in 0.5N-HCI, and in 0.5N-NaOH 
resulted in the destruction of 0, 15, and 90-100% of 
the activity, respectively. Results of these tests 
performed on the isolated guinea-pig ileum are 
shown in Fig. 1. 
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Fic. 1.—Stability of kinin. Contractions (15 sec.) of isolated guinea- 
pig ileum produced by wasp venom, heated in acid and alkali, 
for 10 min. in boiling water bath. 0.2 ug. atropine and 0.4 yg. 
mepyramine in bath throughout. 1 and 7, 10.0 ug. untreated 
venom. 2, 10.0 ug. heated in 0.5N-HCI. 3, 20.0 ug. heated in 
0.5N-NaOH. 4, 10.0 ug. heated at pH 6. 5, 7.0 ug. unheated. 
6, 3.5 ug. unheated. 


Dialysability.—Kinin dialysed through cellophane, 
but at a slow rate. Wasp venom, in concentrations 
of 0.5—1.0 mg./ml., was dialysed at room temperature 
for 24 hr. against an equal volume of saline. At 
the end of this period the histamine concentration 
of the dialysate was equal to that of the residue, 
but the concentrations of kinin in dialysates in three 
experiments were only 4, 10, and 14% of the residues, 
respectively. The dialysate produced the charac- 
teristic delayed, slow contraction of the guinea-pig 
ileum in the presence of atropine and mepyramine, 
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and this persisted after 5-hydroxytryptamine desen- 
sitization (Fig. 2). Dialysis against larger volumes 
of saline with several changes of dialysate, even at 
+4° C., results in the loss of moderate amounts of 





f] 
R D D HT D 
10.0j1g. 60.0pg. 75.0,g. 2.0pig. 75.0pg. 


Fic. 2.—Dialysability of kinin. Effects of residue and dialysate of 
dialysed wasp venom on the guinea-pig ileum. Atropine 
(0.2 ug.) and mepyramine (0.4 ug.) present throughout. R= 
residue in cellophane sac. D-=dialysate. The intestine was 
desensitized to 5-hydroxytryptamine between the panels. 5- 
Hydroxytryptamine was not washed out in the right-hand panel 
as indicated by unbroken tracing. The amounts are expressed 
as weights of venom, on the assumption that all the venom is 
present in the residue and in the dialysate. 


kinin. In two experiments, venom (500 ,g./ml.) 
was dialysed against 10 volumes of saline at +4° C. 
for 20 hr. (dialysate changed three times), and this 
resulted in the loss of approximately 30% of kinin 
from the cellophane sac as compared w:th non- 
dialysed control samples kept under the same 
conditions. Histamine and 5-hydroxytryptamine 
were, however, undetectable in the dialysis residue 
as judged by the absence of a quick contracting 
effect on the guinea-pig ileum. Thus, since the slow 
dialysability of kinin permits removal of freely 
dialysable substances from crude venom with only 
a partial loss of kinin, restricted dialysis may be 
useful in purification. 


Solubility—Kinin is insoluble in alcohol (95%), 
acetone (95%), and anhydrous ether. Volumes of 
1.0 ml. of these reagents were added individually 
to separate tubes containing dry wasp powder 
(300-500 yg. venom), and, after thorough mixing, 
the solutions were centrifuged and the supernatant 
fluids removed. This procedure was performed 
three times with additional 1.0 ml. volumes of each 
solvent. The alcohol, acetone, and ether insoluble 
residues were dried, dissolved in saline, and tested 
on the guinea-pig ileum. In each case the slow 
contracting activity was recovered from the insoluble 
residue. Preliminary extraction with these fat 
solvents resulted in recoveries of up to twice the 
original amounts of kinin. It seems, therefore, 
that preliminary removal of lipids facilitates extrac- 
tion of kinin. Considerable amounts of histamine 
and 5-hydroxytryptamine were found in the alcohol 
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and acetone extracts, particularly in the former, but 
no traces of kinin; the activity of these extracts 
was completely abolished by mepyramine, plus 
desensitization of the intestine to 5-hydroxytrypt- 
amine. 

Kinin is soluble in phenol (95°), trichloracetic 
acid (5%) and ammonium sulphate (60% saturated). 
Volumes of 1.0 ml. of these reagents were added 
individually to separate tubes containing dry wasp 
powder (0.5-1.0 mg. venom), thoroughly mixed, 
and centrifuged, and the supernatant fluids were 
removed. This procedure was performed three 
times with 1.0 ml. of each solvent. The materials 
insoluble in phenol and trichloracetic acid were 
freed of traces of solvent by washing with 10 ml. 
ether, and the ether was discarded. The three dried 
residues were dissolved in saline and tested on the 
guinea-pig ileum; in each instance the residue 
contained less than 5°% of the kinin activity originally 
present in the venom. Considerable amounts of 
kinin, however, could be recovered from the phenol, 
trichloracetic acid or ammonium sulphate extracts. 
Kinin was precipitated from the phenol solution of 
dry venom by addition of 10 volumes of ether, 
precipitation being allowed to occur for one hour 
at room temperature. The precipitate was washed 
with ether, dried, dissolved in saline and tested for 
kinin activity on the guinea-pig ileum. Approxi- 
mately 70% of the kinin activity in the venom was 
thus recovered from the phenol extract. Kinin was 
also recovered from the solution of trichloracetic 
acid by removing the latter by additions of two 
volumes of ether, the process being repeated five 
times; the remaining aqueous phase was then 
dialysed (+4° C. for 20 hr., against 10 volumes of 
saline), the residue of which contained 75% of the 
original kinin. The ammonium sulphate solution 
of venom was simply subjected to a more effective 
dialysis (+4° C. for 20 hr., against 10 volumes 
saline changed twice) because of the high concen- 
trations of this salt. The residue in the sac still 
contained about 75% of the original activity. 
Kinin is, therefore, soluble in protein precipitating 
agents. 


Rapid Destruction by Crystalline Preparations of 
Trypsin and Chymotrypsin.—Kinin was _ readily 
destroyed by incubating venom with small amounts 
of crystalline trypsin or chymotrypsin. In four 
separate experiments, incubation of venom (25 or 
50 yg./ml.), for 30 min. at 35° C., with crystalline 
preparations of either of these enzymes (10- 
25 yg./ml.), resulted in a loss of 50-70% of kinin 
activity (Fig. 3). This is in contrast to the reported 
inability of crystalline trypsin to destroy bradykinin 
(Werle, Kehl, and Koebke, 1950; Rocha e Silva, 
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Fic. 3.—Destruction of kinin in venom by crystalline preparations 
of trypsin and chymotrypsin. Venom (25.0 yug./ml.) incubated 
at 37° for 30 min. with the crystalline enzymes (10.0 g./ml.). 
Atropine (0.2 ug.) and mepyramine (0.4 yg.) in bath throughout. 
The amounts in wg. indicate untreated venom. CHY and 
TRY represent the addition to the bath of 6.0 ug. of venom 
incubated with chymotrypsin and trypsin respectively. 


1951). We also demonstrated that the same 
crystalline trypsin preparation failed to destroy a 
preparation of crude bradykinin,* although it 
readily destroyed kinin under the same conditions. 


Paper Chromatography of Wasp Venom and Elution 
of Kinin from Chromatograms 


Crude wasp venom (heated, as _ described), 
chromatographed in the butanol-acetic acid solvent 
and sprayed with Pauly’s reagent always showed 
two distinct reactions, corresponding in colour and 
position to the marker strips of histamine and 
5-hydroxytryptamine. In some instances the origin 
(from which kinin was regularly eluted) showed a 
slight pink reaction. This colour reaction at the 
origin was never very marked, and is not necessarily 
indicative of kinin, since other substances may 
remain at the point of application of the material. 
One may conclude, however, that kinin does not 
give marked colour reactions with this reagent, 
since in some instances it was eluted in the absence 
of a colour reaction. The amount of kinin eluted 
varied in different experiments from 10-40% of the 
applied material. 

Crude wasp venom chromatographed in phenol 
(95%) and sprayed with Pauly’s reagent again 
showed the colour reactions corresponding to 
histamine and 5-hydroxytryptamine, both of which 
could be readily eluted; we were, however, unable 
to recover kinin by elution from wasp venom 
chromatograms in this solvent. 


Bee venom, chromatographed in the butanol- 
acetic acid solvent, regularly showed the presence 





* Kindly supplied by Dr. M. Rocha e Silva. 


of histamine, which was readily eluted, but 5- 
hydroxytryptamine was not detected by colour 
reactions or in any eluates of the paper. The 
origin, and adjacent region, showed a marked 
colour reaction, and this eluate produced the 
delayed, but rapidly desensitized, contraction of the 
ileum which we observed with crude bee venom, as 
described later. Kinin was not detected in the bee 
venom eluates. 

Histamine (commercial histamine acid phosphate), 
or the histamine present in wasp and bee venom, 
regularly appeared on the butanol-acetic acid 
chromatograms as two distinct separated spots on 
spraying with Pauly’s reagent. Eluates correspond- 
ing to these spots were indistinguishable when tested 
on the guinea-pig ileum. Whether this is due to 
different histamine derivatives in commercial hist- 
amine and in tissue extracts, or to factors related to 
the chromatographic procedure, requires further 
investigation. 5-Hydroxytryptamine always ap- 
peared as a single well-defined spot. 


Other Pharmacological Actions of Kinin 


In addition to producing the delayed, slow 
contraction of the isolated guinea-pig ileum, crude 
wasp venom also contracted the isolated rabbit 
jejunum or ileum, markedly lowered the arterial 
blood pressure of the rabbit, and to a lesser degree 
that of the cat. The maximal amounts of histamine 
or 5-hydroxytryptamine present in the crude kinin 
solutions had little or no effect on the test prepara- 
tions under the conditions of testing. Furthermore, 
as described later, purified kinin preparations free 
of histamine or 5-hydroxytryptamine, retained, 
without relative loss, all the pharmacological 
properties of crude kinin. 

The addition of 20-50 ug. of venom to the 
isolated rabbit jejunum (in the presence of atropine) 
produced a very characteristic effect, in that the 
resulting increase in tone was regularly preceded by 
a brief initial depression of activity. The action 
of kinin on the rabbit intestine was not so constant 
as that on the guinea-pig ileum. 

The intravenous injection of venom (5-15 yug./kg.) 
produced a marked immediate fall of the arterial 
blood pressure in the anaesthetized rabbit previously 
injected with atropine (0.5 mg./kg.). This effect 
was characterized by a secondary depression of the 
blood pressure, usually lasting several minutes, 
which developed as recovery of the arterial pressure 
appeared to be occurring. 

The intravenous injection of wasp venom (10- 
25 yg./kg.) also produced an immediate fall of 
arterial blood pressure in the anaesthetized cat 
previously injected with atropine (0.5 mg./kg.) and 
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mepyramine (1 mg./kg.). The rabbit was more 
sensitive to kinin in this respect than the cat. 
These actions of crude kinin were, in each 
instance, abolished by heating the solutions in 
0.5N-NaOH in a boiling water bath for 10 min. and 
greatly reduced or abolished by incubation with 
trypsin or chymotrypsin at 37° C. for 30 min. 


Parallel Pharmacological Actions of Crude and 
Purified Kinin 

The above experiments with crude wasp venom 
suggested that its actions on isolated guinea-pig and 
rabbit intestines, and on rabbit and cat arterial 
blood pressure, were produced by either a single 
or very similar substances. The probability that 
all these pharmacological effects are due to a single 
or extremely similar substances was strongly 
supported by the experiments described below, which 
demonstrated the qualitatively and quantitatively 
parallel actions of crude and purified kinin on the 
different test preparations. 

Purified Kinin, No. 1.—This material was obtained 
by elution of kinin from paper chromatograms of 
crude venom. For this purpose, 9.0 mg. wasp 
venom was dissolved in several drops of water, 
and heated in a boiling water bath for 
4 min.; the soluble material was 
deposited as a narrow strip approxi- 
mately 15 cm. long, along the base of 
the paper. The base line eluates from 
five papers were pooled and most of 
it frozen at once at —10° C. for 
pharmacological testing. All the 
pharmacological tests were carried out 
within 24 hr. It was found that 
0.05 ml. of kinin eluate corresponded 
to 10 ug. of crude venom as tested on 
the guinea-pig ileum. This same ratio 
of activity was also found in tests on 
the isolated rabbit intestine, and rabbit 
and cat arterial blood pressure (Fig. 4). 
Furthermore, the type of response 
produced by eluate and crude venom 
on all preparatiors was identical in 
every detail, and the activity of the 
eluate was again destroyed by heating 
in 0.5N-NaOH or by incubation with 
trypsin. 

Purified Kinin, No. 2.—This pre- 
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bath as usual, to stabilize kinin. Ammonium 
sulphate was added to 60% saturation to this 
solution and precipitation allowed to occur over- 
night at +4° C. The precipitate was dissolved in 
saline and dialysed (+4° C. for 20 hr. against 10 
volumes of saline changed twice); the dialysed 
residue contained no detectable kinin. The super- 
natant solution was saturated with ammonium 
sulphate and allowed to stand for 6 hr. at +4° C. 
The supernatant solution-and the new precipitate 
were again: dialysed in the same way. Again, no 
activity was present in this precipitate, but 25% of 
the original kinin was recovered in the dialysed, 
saturated ammonium sulphate solution. Histamine 
and 5-hydroxytryptamine were undetectable in the 
dialysed ammonium sulphate solution either by 
chromatography or by tests for its ability to cause 
a quick contraction of the guinea-pig ileum. It 
did, however, produce a delayed slow contraction 
of the guinea-pig ileum, increased the tone and 
amplitude of contractions of the rabbit intestine 
after an initial inhibition, produced the characteristic 
biphasic depression of the arterial blood pressure of 
the rabbit and lowered that of the cat. Kinin, 
eluted from the origin of paper chromatograms of 


(a) 





(d) 


Fic. 4.—Parallel actions of crude wasp venom and eluate from origin of paper chromato- 
gram on different test preparations. ‘ 
(a) Isolated guinea-pig ileum (atropine and mepyramine present). 


E, eluate from origin. V, crude venom. 


Contraction 





paration was obtained from chromato- 
gram eluates of a dialysed ammonium 
sulphate extract of venom. For this 
purpose 15.0 mg. venom was extracted 
with 0.25 ml. water three times and 
the pooled extract heated in a water 


time, 50 sec. E, 0.05 ml. eluate which is approximately equivalent in activity to 
10.0 wg. of venom. (5) Cat (3.5 kg.) arterial blood pressure. Animal previously 
injected with atropine (0.5, mg./kg.) and mepyramine (1.0 mg./kg.). Interval 
between injections, 5 min. , 0.35 ml. eluate. V, 70.0 ug. venom. (c) Isolated 
rabbit intestine in the presence of atropine (0.2 uwg.). E,0.18 ml. eluate. V, 35.0 ug. 
venom. Interval between tests, 10 min. The initial depression of rhythmic 
activity is present with both preparations. (d) Rabbit arterial blood pressure. 
Rabbit previously injected with atropine (0.5 ug./kg.). Interval between injections, 
5 min. E, 0.2 ml. eluate. E (ALK), 0.2 ml. eluate heated in 0.5N-NaOH in 
boiling water bath for 5 min. V, 40.0 ug. wasp venom. 
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this material, pos- (a) 
sessed the same pro- 
perties, and amounts 
of the starting mater- 
ial and eluate found 
to be equipotent on 
the guinea-pig ileum 
elicited equivalent 
contractions of the 
rabbit jejunum (Fig. 
5b). Fig. 5a shows 
the elution of kinin 
from the origin of 
this chromatogram 
and the absence of 
activity in the remain- 
ing eluates as tested 
on the guinea-pig 

ileum. The activity of Ee VE Vv '@ 
this eluate was again oe a ae 
destroyed by heating 
in alkali and by in- 
cubation with trypsin. 





(b) 





if | 


345678 VV E V 
15.0e. 0.2m. 70.0n. 


Fic. 5 (a).—Activity of paper chromatogram eluates of dialysed ammonium sulphate extract of wasp venom 
on the isolated guinea-pig ileum. Atropine (0.2 ug.) and mepyramine (0.4 yg.) present throughout. 
E, saline eluate from origin of chromatogram. V, dialysed ammonium sulphate extract of venom (amounts 
expressed in terms of equivalent activity in crude venom). 1-8, eluates from remaining strips of paper 
chromatogram. Approximately 20.0 wg. of the chromatographed venom was equivalent to 0.2 ml. 
eluate. (6) Activity of same eluate and equivalent amount of the ammonium sulphate extract on the 


isolated rabbit jejunum in the presence of 0.2 wg. atropine. 0.2 ml. eluate again produces an equivalent 


Purified Kinin, No. 
3.—This was pre- 
pared by extracting 1.5 mg. venom with 1 ml. of 
alcohol three times. The dried residue, dissolved in a 
few drops of water, was chromatographed. Once 
again kinin was eluted only from the 1.0 cm. wide 
strip of paper around the line of origin, and the 
original material and eluate which evoked equivalent 
responses of the guinea-pig ileum also produced 
equivalent depressions of the cat’s arterial blood 
pressure. 


Experiments with Bee Venom 


The addition of bee venom (5-10 yg.) to the 
untreated isolated guinea-pig ileum produced a 
rapid contraction which could be abolished by 
mepyramine; this effect is due to histamine. 
Quantitative assay of the histamine content of bee 
venom yielded values of 8-12 mg./g. venom. The 
addition of larger amounts (10-40 ug.) of venom 
to the isolated ileum in the presence of mepyramine 
produced a delayed slow contraction; this effect, 
however, was reduced after the first contraction and 
unobtainable after several additions of venom, 
although the preparation still responded to wasp 
kinin. The substance in bee venom, therefore, 
differs from kinin, and is perhaps an enzyme which 
acts by releasing substances from the muscle itself, 
thus producing rapid desensitization. 

Bee venom was chromatographed in butanol- 
acetic acid solvent in the same manner as described 
for wasp venom, using 1-5 mg. of bee venom in 


and similar reaction to 20.0 ug. of the chromatographed venom. The inhibition of the rhythmic activity 
is evident but not very marked in this preparation. 


different experiments. Narrow vertical strips of 
the chromatographed venom were sprayed with 
Pauly’s reagent, and the remainder was cut in hori- 
zontal strips, eluted and tested on the guinea-pig 
ileum. On spraying with Pauly’s reagent, several 
distinct colour reactions developed, one correspond- 
ing to the marker for histamine, and another intense 
orange-red colour at the origin and extending just 
beyond it. Elution of the strip corresponding to 
histamine proved it to have the pharmacological 
properties of histamine, and the histamine concen- 
tration in bee venom calculated from several eluates 
was approximately 10 mg./g. venom. The eluate 
from the origin contained the material producing the 
delayed, rapidly desensitized contraction of the 
guinea-pig ileum. No significant pharmacological 
activity was present in the remaining eluates. 

Thus, unlike wasp venom, bee venom contains 
little or no 5-hydroxytryptamine or kinin. It does, 
however, contain high concentrations of histamine, 
and also another substance, possibly an enzyme, 
which produces a delayed, rapidly desensitized 
contraction of the guinea-pig ileum. 


DISCUSSION 


The chemical properties of kinin suggest that this 
potent substance is a polypeptide, or at least requires 
the integrity of a peptide linkage for its pharma- 
cological actions. Since kinin retains all its 
pharmacological properties after partial purification 
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without relative loss of any of its actions, it seems 
that a single substance produces all the effects. If 
more than one substance is involved, they must be 
closely related compounds. The characteristic 
property of kinin, namely, the delayed slow con- 
traction of the guinea-pig ileum, has been described 
for a number of substances; for example, the 
unidentified SRS (slow reacting substance) des- 
cribed by Feldberg, Holden, and Kellaway (1938) 
and thought to be a lecithin derivative; substance 
P (Euler and Gaddum, 1931; Gaddum and Schild, 
1934; Pernow, 1953); trypsin (Rocha e Silva, 1939; 
Gaddum, 1953); substance R (Gaddum, 1953); 
bradykinin (Rocha e Silva, Beraldo, and Rosenfeld, 
1949); and kallidin, which is believed to be identical 
with bradykinin (Werle and Berek, 1950). Of these 
substances, substance P, bradykinin and kallidin 
are known to be polypeptides, and all have many 
properties in common with kinin. It is, however, 
at present, impossible to identify kinin definitely 
with any of these compounds, since some of its 
properties appear to be different. Thus, substance 
P, chromatographed in butanol-acetic acid solvent, 
has an Rp value of 0.37 (Pernow, 1953), whereas 
crude or purified kinin was in all but one instance 
eluted only from the origin. In this single instance, 
a small proportion of eluted kinin was also in the 
adjacent strip. Also, bradykinin and kallidin are 
not destroyed by crystalline trypsin (Werle, Kehl, 
and Koebke, 1950; Rocha e Silva, 1951), whereas 
kinin readily is. Another possible difference to 
bradykinin is raised by the observation that purified 
bradykinin has an Rr value of 0.52 on paper 
chromatography in butanol-acetic acid solvent, 
although impure preparations moved little or not at 
all from the origin (Andrade, Diniz, and Rocha e 
Silva, 1953). 

It is possible, however, that some of the apparent 
differences between one or other of these compounds 
may be related to the degree of purity of the prepara- 
tion; or, that with relatively large molecules of this 
nature, minor chemical differences (possibly pro- 
duced in purification) have little influence on pharma- 
cological action. In view of their complex structure, 
further studies on highly purified preparations are 
necessary to determine whether any of these potent 
smooth muscle stimulating and hypotensive poly- 
peptides, viz., substance P, bradykinin, kallidin, and 
kinin, are identical. 

The experiments of Jaques and Schachter (1954) 
suggested that the potency of the slow contractor. 
in wasp venom approached that of histamine on 
the isolated guinea-pig ileum. Since the present 
work indicates that kinin is a slowly dialysable 
peptide, it would appear to be more potent than 
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histamine on a molar basis. The co-existence of a 
potent polypeptide in wasp venom with two widely 
distributed and biologically active substances such 
as histamine and 5-hydroxytryptamine suggests 
that kinin may likewise be widespread in nature. 
The presence of histamine, 5-hydroxytryptamine, 
and substance P in gastro-intestinal tissues (cf. 
Pernow, 1953) is thus an interesting parallel, parti- 
cularly if substance P and kinin are identical. It 
is also of interest that a slow contracting substance 
has been found in plasma during anaphylaxis 
(Beraldo, 1950), and following administration of 
Compound 48/80 (Paton, 1951) or thalassine 
(Jaques and Schachter, 1954b). 


Little or no kinin was detected in bee venom, 
although the concentration of histamine was of the 
same order as in wasp venom. Bee venom, how- 
ever, did contain a potent material which caused a 
delayed, slow contraction of the guinea-pig ileum 
(in the presence of atropine and mepyramine), which 
rapidly desensitized to the venom itself. Our 
results show that this material may be readily eluted 
from paper chromatograms. Its potent action 
suggests that it may be involved in the release of 
histamine and other substances, caused by bee 
venom (Feldberg and Kellaway, 1937). 


SUMMARY 


1. The substance in wasp venom, previously 
shown to produce a delayed, slow contraction of 
the guinea-pig ileum, has been further analysed. 
The results demonstrate that this substance, tenta- 
tively designated as “ kinin,”’ is a slowly dialysable 
peptide. Its similarity and possible identity with 
various slow contracting polypeptides is discussed. 


2. Kinin causes contraction of the isolated rabbit 
jejunum, which is preceded by a characteristic brief 
depression of the rhythmic activity of the intestine. 
It is an extremely potent hypotensive agent on in- 
travenous injection in rabbits; it also lowers the 
arterial blood pressure of the cat. The evidence 
indicates that kinin, in some respects, is a more 
potent pharmacological agent than histamine on a 
molar basis. 


3. The stability of kinin in crude wasp venom is 
increased by heating‘ the solution in a boiling water 
bath for several minutes. Kinin is very stable at 
neutral or slightly acid pH, relatively stable in 
0.5N-HCIl, and unstable in 0.5N-NaOH. It is soluble 
in water, 95% phenol, 5% trichloracetic acid, and in 
60% ammonium sulphate; it is insoluble in 95% 
alcohol, 95% acetone, and in anhydrous ether. It 
dialyses slowly through cellophane and is readily 
destroyed by crystalline trypsin or chymotrypsin. 
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4. Kinin was further purified by paper chromato- 
graphy in butanol-acetic acid solvent. It was 
regularly eluted (10-40%) from the origin of chro- 
matograms. Purified eluates possessed all the 
properties of crude kinin, indicating that it is either 
a single substance or a mixture of similar substances. 


5. Bee venom, unlike wasp venom, contains 
little or no 5-hydroxytryptamine or kinin. It does, 
however, contain a substance producing a delayed, 
slow contraction of the mepyramine treated guinea- 
pig ileum, with rapid desensitization. This sub- 
stance, possibly an enzyme, is readily eluted from 
the origin of paper chromatograms. 


We would like to thank Dr. J. Baddiley for helpful 
suggestions. 
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ASSAY OF HISTAMINE ON THE ISOLATED GUINEA-PIG 
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Histamine assays are commonly performed on an 
isolated strip of guinea-pig intestine suspended in 
2 to 5 ml. Tyrode solution. This method is satis- 
factory if the concentration of histamine in the test 
solution is about 100 ng./ml. The assay may then 
be conducted with doses usually not exceeding one 
tenth of the bath volume. In this way, effects of 
small differences in composition between the test 
and Tyrode solution are likely to disappear on 
dilution. However, when the concentration to be 
estimated is 1 to 5 ng./ml., the test solution itself 
must be allowed to act directly on the intestine to 
obtain a measurable response. This can be done 
by surrounding the strip of ileum with the test 
solution in a small bath (Mongar and Schild, 1950) 
or by superfusion (Gaddum, 1953a). The solution 
containing the dose should then be similar in com- 
position to that bathing the ileum in the interval 
between the doses. 

Our interest in superfusion arose from the need 
to estimate minute quantities of free histamine in 
the plasma. The purification of the histamine will 
be described elsewhere. The main object of the 
present work was to devise a method of perform- 
ing histamine assays on the superfused ileum with 
the aid of a semi-automatic apparatus and to deter- 
mine the precision of this method. We have also 
studied methods by which incomplete solutions, 
that is, solutions lacking some or all of the Tyrode 
salts, may be converted into solutions suitable for 
assay. 


METHODS 


The apparatus (Fig. 1) is semi-automatic in the sense 
that the dose has to be placed by hand into a tube from 
which it is later automatically released. Its various 
parts are fixed to a strip of “‘ Dexion ’’ which also holds 
the lever, a trembler and a light signal for the dose. 
The relays (Schild, 1946; Gaddum and Lembeck, 1949) 
are connected to points on a uniselector (Schild, 1946) 


and are energized at times determined by the discharge 
of current from a condenser (Boura, Mongar, and Schild, 
1954). In the resting position R1 stops the flow from 
bottle B but not from bottle A; on being energized it 
does the reverse. R3 controls the flow from bottles B 
and C in a similar way, but can act only when current is 
diverted from R1 by a two-way switch. R2 releases 
the dose from tube F and can be made to act simul- 
taneously with R1 or R3, or be excluded from the 
circuit. The electrical part of the apparatus is the 
subject of an addendum. 


Temperature.—This is maintained in the manner 
described by Boura et a/. (1954). Tube G is 17 cm. 
long and 1.2 cm. wide (O.D.): the inner tube is 3 mm. 
wide (I.D.) and is flared at each end. The lower end 
carries a solid glass arm (2 mm. diam.) which curves 
forward and ends in a hook. This design avoids 
retention of fluid by capillarity, and the hook, which 
encloses the thread, ensures a drop of constant size. 
The temperature of the Tyrode solution was measured 
at the lower end of the gut, where the drops re-formed. 
The air temperature at this point was always 1° C. 
higher. The assays were performed at temperatures in 
the range 33° to 36° C. 


Application of the Dose.—The dose is placed in tube F, 
which consists of a 1 ml. all-glass tuberculin syringe 
barrel (“* Accoson’’). The nozzle has been reduced to 
6 mm. and the inner surface ground to provide an 
efficient seating for the valve (J). This is made of poly- 
thene tubing (2 mm. O.D.) loaded with a thin steel 
wire to give it rigidity. The tip of the polythene is 
heated gently, drawn out and cut to a length of about 
5 mm. The tip passes into the narrow stem and so 
keeps the valve centred. The upper end of the polythene 
rod passes through a metal guide clipped to the tube. 
At the top is a flat metal disc of sufficient weight to 
ensure closufe of the valve. 

The tube is calibrated in the range 0.5 to 0.8 ml.: the 
volume of the dose is usually 0.6 ml., but within these 
limits it is not critical. The time taken for the tube to 
empty depends on the distance between R2 and the 
weighted top of the valve. This distance is set at 3 to 
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4 mm. by turning screw E. The tube empties 
by gravity. It is important that none of the 
dose remains in the tube. Drainage is 
complete if the nozzle touches the inside of 
the cup of tube G. 


Rate of Flow of Solutions—The dose 
(0.6 ml.) flows out of tube F at an average 
rate of 4.5 ml./min. Since the initial flow is 
faster than the flow of Tyrode solution, the 
temperature falls by about 0.5° C. Tyrode 
solution (bottle A) flows at a constant rate 
of 4.5 ml./min. This gives a drop rate of 
58/min. with the thread’ in situ; the average 
drop size is therefore 0.078 ml. Tyrode 
solution containing mepyramine maleate 
(bottle C; 4 to 8 ng./ml.), and histamine 
(bottle B; 3 ng./ml.), flows at the same 
rate. 


Dose Cycle.—A suitable period is 90 sec, 
during which the dose acts for 8 sec. 


Lever.—Magnification, 9.2; tension, about 
500 mg. (uncorrected for the weight of the nent 
gut; this is usually 150 mg.+.10 mg.). 

Solutions.—The composition of the Tyrode 
solution is, in g./l., NaCl 8.0, NaH,PO, 0.05, 
NaHCO, 0.36, KCl 0.2, MgCl, 0.1, CaCl, 
0.14, glucose 1.0; atropine sulphate is added 
to give a concentration of 0.1 »g./ml. The 
PH of this solution is 7.7. 

The Tyrode stock solutions are also used 
in very small volumes to adjust the composi- 








tion of incomplete test solutions to that of 
Tyrode solution. They have the following 
concentrations, in g./l. of the anhydrous salts : 
NaCl 80.0, NaH,PO, 2.0, NaHCO, 36.0, 
KCI 8.0, MgCl, 4.0, CaCl, 5.5. 
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All the histamine values are expressed in (F) tube for dose with valve (J), (E) screw for adjusting aperture of valve, (G) tube 


terms of the base on the assumption that 
this represents 36.16% of the acid phosphate 
(British Drug Houses, Ltd.). The con- 
centration of mepyramine maleate (May and Baker, 
Ltd.) refers to the salt. 


Intestine. —A strip 3 to 4 cm. long is,taken from the 
terminal ileum of guinea-pigs weighing between 150 and 
200 g. It is tied with the ends left open and suspended 
in the flow of Tyrode, at a distance of at least 3 cm. 
below the hook. 


Procedure.—Tension is applied to the gut, which is 
then left for 30 min. At the end of this time automatic 
dosage is begun from bottle B and allowed to continue 
until the gut becomes sensitive and gives regular res- 
ponses. The tap of bottle B is then closed and the assay 
begun. After the assay has been completed, the gut 
may be used for qualitative tests by replacing the flow 
of Tyrode by that of Tyrode containing mepyramine. 


for warming solutions, (K) lower end of same tube with glass arm and hook, (H) 
warm chamber for gut. A centrifugal pump circulates warm water from a 
reservoir the temperature of which is thermostatically controlled. 


Assays.—A number of 2 and 2 assays were performed 
with histamine solutions of known concentration. The 
design of the assay and the calculations from the data 
followed those of Schild (1942). In nearly all the 
experiments the low and high doses of the “* standard ” 
were 1 and 2 ng./ml. and of the “* unknown ”’ 1,25 and 
2.5 ng./ml. These doses correspond to S1 and S2 and 
U1 and U2. Four groups of four doses were used in 
each assay. 


The test of significance for departure from linearity 
of regression was applied in the following way. A 
special index of curvature H (Gaddum, 1953b), applicable 
to the spacing of doses actually used, was calculated for 
each assay from the formula H=a—b-—c+d, where a 
is the mean of the effects of the four doses of S1, b of 
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U1, c of S2 and d of U2. _ Thirteen estimates of H were 
used to obtain the mean, H. The standard deviation of 
H was calculated from the formula 


a av 
sy _ ped 
H= ,/ N 


where V is the variance of a single estimate (a, b, c, or d) 


and N the number of estimates of H. The ratio H/sg 
gave t. The value of P was obtained from df at infinity. 


Reconstitution of Incomplete Test Solutions for Assay. 
—The following solutions are prepared from the Tyrode 
stock solutions (abbreviated to SS). 
Solution A. NaH,PO, 5 ml.+MgCl, 5 ml.+KCl 
5 ml.+ CaCl, 5 ml. 
Total volume 20 ml. 

Solution B. Solution A 10 ml.+NaHCoO,(SS) 
1 ml.+ water 89 ml. 
Total volume, 100 ml. 

Solution C. Solution A 10 ml.+NaCl(SS) 
20 ml.+ NaHCO,(SS) 1 ml.+ water 69 ml. 
Total volume, 100 ml. 


Procedures.—Two cases are considered. 

(i) A Salt-free Solution. If the volume of this solution 
is 8 ml. or less, add: solution A 1 ml.+NaCli(SS) 
1 ml.+NaHCoO,(SS) 0.1 ml. The final volume of the 
test solution is 10 ml. 

It is convenient to use an “‘ Agla ’”’ micrometer syringe 
for adding volumes less than 0.5 ml. 


(ii) A Solution Containing an Unknown Quantity of 
NaCl. It is assumed that no other salt is present except 
that of the active substance. If the volume of the solu- 
tion is 8 ml. or less, reconstitute it partially by adding 
solution A 1 ml., NaHCO,(SS) 0.1 ml., and water to 
10 ml. Take two 1 ml. lots of this solution and titrate 
the chloride against 0.1 N AgNO;; 8 ml. of the solution 
are left. In the same way, titrate two 1 ml. portions of 
the Tyrode used for superfusion. The difference 
between the average values of these titrations is taken to 
represent the excess or deficiency of sodium chloride in 
the reconstituted solution. Subtract the average value 
for Tyrode solution from the average value for the 
reconstituted solution. Let this difference be +-X ml. 
and the remaining volume of the solution be V ml. Then 
the volume of solution B or C to be added is given by 
the expression 


Vol, or c= 538 ny ml. 


The value 5.8 is the factor for the titration and the 
denominator is the concentration of NaCl in Tyrode 
solution expressed in mg./ml. If X is positive, add 
solution B; if negative, solutionC. A correction should 
be applied for dilution of the active substance by the 
solution added. 


Effect on the Ileum of Varying the Tonicity, Composition 
and pH of Test Solutions —10 ml. volumes of Tyrode 
solution were prepared as follows: Solution A 1 ml.+ 
NaCK(SS) 1 ml.+NaHCoO,(SS) 0.1 ml.+water 7.9 ml. 
Glucose and atropine were not usually added; their 
omission made no difference to the response. The pH 


and chloride concentrations of these solutions did not 
differ significantly from those of Tyrode solution prepared 
for superfusion. The concentrations of KCI and CaCl, 
were varied by changing their concentration in solution A. 
The pH was altered by adding more or less bicarbonate. 
Histamine solution was added to give a concentration 
of 2 ng./ml. 


RESULTS 

Behaviour of the Ileum 

(a) Sensitivity to Histamine-——The number of 
doses applied to the gut before this became stable 
and sensitive varied in 58 experiments from 15 to 
75, with a mean of 32. The base line was then 
usually steady and the response rose steeply with 
the dose in the range 1 to 2.5 ng./ml. 


(b) The Response to Various Solutions. 

Tyrode.—A dose of 0.6 ml. seldom produced an 
effect. This shows that the intestine tolerates the 
slight fall in temperature that accompanies the dose. 
Between the end of the dose and start of the flow 
of Tyrode there is an interval of 1 to 2 sec. when 
no fluid passes over the gut. During this interval 
the gut may begin to contract, but the effect is cut 
short by the return of the flow. This contraction 
tends to increase with the interval, which should 
therefore be kept as short as possible. 


Histamine.—The contraction starts 3 sec. after 
the dose begins to flow over the gut and reaches 
its maximum in 10 to 11 sec.; it therefore continues 
for 2 to 3 sec. after the flow of Tyrode has re- 
turned. The muscle relaxes completely in the 
ensuing 25 to 30 sec. 


Modified Test Solutions Containing Histamine 
(2 ng./ml.).—Reconstituted Tyrode solutions in 
which the concentration of NaCl or KCl or CaCl, 
was varied by +8% were assayed in comparison 
with standard histamine solutions and found to be 
equivalent to 2 ng./ml. Nevertheless, hypotonic 
Tyrode and solutions containing an excess of KCl 
or CaCl, (8%) were by themselves slightly active 
in comparison with standard Tyrode solution. 
When the pH of the Tyrode test solution was 
lowered by 0.4 unit (i.e. from 7.7 to 7.3) the re- 
sponse was identical with that of the standard 
solution containing 2 ng./ml. When it was raised 
by 0.3 to 0.5 unit the value for the assay rose to 
2.5 and 2.7 ng./ml. 


2 and 2 Assays.—The gut usually remains in 
good condition for 4 or 5 hours. A 2 and 2 assay 
may be completed in 24 min. and it is therefore 
possible to carry out several assays on one pre- 
paration. The results of assays with known con- 
centrations of histamine in Tyrode solution are 
presented in Table I. They are arranged in 
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TABLE I 
ASSAY OF HISTAMINE ADDED TO TYRODE SOLUTION 
Expt. | Temp. Added Found a. a 

No. ot ng./ml. ng./ml. (P —0-99) 
1 36 (a) 2-50 2-60 2-10-3-20 0-052* 
(b) 2-50 2-64 2-28-3-06 0-035 
(c) 2-50 2-48 2:26-2:70 0-023t 
2 36 | (a) 2°50 2-61 2-24-3-06 0-038t 
(b) 2-50 2-64 2:38-2:96 0-027 
(c) 4: 4-08 3-66-4-54 0-028 
3 36 2-50 2:72 2:42-3:08 0-029 
4 36 2:50 2-48 2:32-2:64 0-017 
5 36 2-50 2°58 2-18-3-06 0-043 
6 36 2-50 2-44 2:22-2:70 0-025 
7 36 2-50 2:48 2:26-2:74 0-027 
8 32 2-50 2-50 2:36-2:60 0-012 
9 33 3-00 2-84 2-36-3-42 0-045 
10 34 2-50 2-60 2-12-3-22 0-052t 
11 34 2:50 2-46 2-28-2-64 0-018 
12 34 2-50 2:52 2:36-2:70 0-020 
Mean 0-030 

Range (0-012-0-052) 








* Assay performed too early: base-line still unsteady. 
+ Tubes F and G washed with Tyrode solution between doses. 
t Assay performed too late: gut fatiguing. 


chronological order. Each number refers to an 
assay on intestine from a different guinea-pig. 
Most of these assays were performed between or, 
more often, after the assay of samples by the 
simpler method of direct comparison. The trac- 
ing obtained in Expt. 8 is shown in Fig. 2. Expts. 
1 and 2 were performed with Tyrode solution at 
pH 8; in the remainder the pH was 7.7. Reduc- 
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Fic. 2.—Tracing of a 2 x 2 assay with histamine solutions of known 
composition (Expt. 8, Table I). A (S1) 1.0 ng./ml., B (S2) 
2.0 ng./ml., C (U1) 1.25 ng./ml., D (U2) 2.5 ng./ml. 


tion of the pH by this amount diminished spon- 
taneous activity without impairing the sensitivity 
of the ileum. Assay 1 (a) was performed soon 
after the gut had become sensitive, but before the 
base-line was regular. In Expt. 10, the assay was 
performed after the gut had been working for 44 
hr. In both these experiments the value for A» 
(s/b) was high. In Expts. 1 (c) and 2 (a) the tube 
containing the dose was washed between the doses 
with Tyrode solution, to remove traces of the 
previous dose. This procedure did not increase 
the accuracy of the result. In Expt. 8 the tem- 
perature fell accidentally to 32° C. 

The results of assays in which histamine was 
added to reconstituted solutions are shown in 
Table II. In some of these experiments part of the 


TABLE II 


ASSAY OF HISTAMINE ADDED TO RECONSTITUTED 
TYRODE SOLUTIONS. VOLUME OF SOLUTIONS, 10 ML. 





Blank Limits 
= Value hg of Error A 
: ng./ml. alsin (P =0-99) 














(a) Reconstituted from Salts of Stock Solutions Only. Histamine 
added to give Concentration of 2 ng./ml. 


1 <0-5 2:38 1-95-2-92 0-052 

2 <0-5 2:20 1-95-2-48 0-032 

3 0-5 1-81 1-62-2-00 0-028 

4 <0-5 2:37* 2:21-2:54 0-018 
(b) Sodium Chloride formed by Neutralizing 5 ml. 0-25N-HCI with 
N-NaOH. Histamine added to give Concentration of 2 ng./ml. 

1 <0-5 2-30 2:14-2:48 0-019 

2 <0-5 2:20 1:86-2:64 0-046 

3 0-5 2:50 2:20-2:90 0-037 

4 <0-5 2-20 1-90-2-50 0-032 

5 <0-°5 1:87 1-60-2-10 0-033 

















* Concentration of added histamine 2-2 ng./ml. 


sodium chloride was formed by neutralizing 0.25 
N-HCI with N-NaOH. The blank solutions were 
slightly active, but in 8 out of 9 experiments the 
activity was equivalent to <0.5 ng./ml. Never- 
theless, the recoveries were nearly all slightly 
higher than the theoretical concentration (2 
ng./ml.). This difference could not be accounted 
for by an effect of pH. In Expt. (a) 4, the amount 
of histamine added was 2.2 ng./ml. 


DISCUSSION 


The technique of superfusion and its applications 
have already been discussed by Gaddum (1953a). 
The present apparatus, which employs timing de- 
vices similar to those described by Schild (1946), 
makes it possible to standardize more rigorously 
the conditions of the assay. It has the practical 
advantage that a constant dose can be given until 
the gut becomes fully sensitive and stable. This 
could also be done by hand, but would be tedious. 
Since the solutions pass through a heated tube 
before they reach the ileum, the standard and the 
test solution can be kept at room temperature. 
They are therefore less likely to lose activity. 
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In our experience, the success of the assay also 
depends on the weight of the guinea-pig and the 
care taken in the preparation of solutions. It is 
important to use gut from small guinea-pigs, since 
that from pigs weighing much over 200 g. tends 
to be thicker and to show more spontaneous 
activity ; it does not become sensitive so quickly 
and the base-line is less stable. It may be that the 
thicker gut takes longer to become permeable to 
histamine and that active substances formed or 
liberated in its walls are removed at a slower rate 
as compared with thinner gut. We have not in- 
vestigated the effect of varying the rate of super- 
fusion on the time needed for the preparation to 
become sensitive and stable. Temperature may 
also influence the time taken for the gut to become 
sensitive. In recent experiments, we have observed 
that fewer doses of histamine (at 3 ng./ml.) were 
needed after the temperature was reduced from 
36° to 34° C. The base-line may be unsteady in 
the first hour, but the temptation to straighten it 
by increasing the load should be resisted, since 
this would decrease the sensitivity of the prepara- 
tion. If enough time is allowed, and regular 
dosing is maintained, the base-line eventually be- 
comes steady and the dose-response curve steep. 
The preparation may then be used until it shows 
signs of fatigue, when the responses become 
smaller, the dose-response curve becomes less 
steep, and the base-line tends to rise. These signs 
generally appear after the muscle has performed 
200 to 250 contractions. 

The method of applying different doses from the 
same tube is open to the criticism that a trace of 
the previous dose may alter the concentration of 
the dose actually placed in the tube. For example, 
a high dose may increase the effect of the low dose 
that follows it. This interference of one dose with 
another does not influence the result of the assay 
provided the differences between the concentrations 
are less than fivefold. In the present experiments 
most of the assays were performed with concentra- 
tions of histamine within the range 1 to 2.5 ng./ml.; 
moreover, washing the tube with 0.6 ml. Tyrode 
solution between the doses did not improve the 
accuracy of the assay. 

The results of assays performed with histamine 
solutions of known concentration provide statistical 
evidence that the method is reliable for concentra- 
tions as low as 1 to 2.5 ng./ml. In this range the 
dose-response curves were steep and the values of 
A agree well with those recorded by Schild (1942), 
and more recently by Boura et al. (1954). In none 
of the assays, either with histamine added to 
Tyrode or reconstituted Tyrode solution, was there 
significant (P=0.95) deviation from parallelism of 


the regression lines. Further, it was possible to 
conclude from the test applied to a special index 
of curvature, that deviation from linearity of re- 
gression was insignificant (P=0.95). This is sur- 
prising, since the doses were small, and it might 
therefore be expected that the assays were carried 
out on a low, and possibly curved, portion of the 
dose-response curve. However, the actual portion 
of the curve used may have been so small as to 
make it difficult to detect curvature. 

The effect of reconstituted Tyrode solutions on 
the recovery of added histamine is to make the 
values somewhat higher than the theoretical values. 
This is because the blank solutions are slightly 
more active than Tyrode solution alone and the 
effect may be additive. In this respect, the results 
obtained in 2 and 2 assays do not wholly accord 
with those of experiments in which the concentra- 
tion of neutral salts was deliberately varied and 
shown, within the limits tested, not to influence the 
response to histamine. The reason for the slight 
activity remains obscure, but the results confirm 
the importance of estimating the effect of a blank 
solution by adding the drug to it. 

Chromatographic methods of purification often 
make it possible to separate and concentrate an 
active substance in aqueous solution. If this solu- 
tion is free from salts it can be prepared for assay 
on the superfused ileum by adding Tyrode salts to 
it. Similarly, if the solution contains only NaCl 
its composition can be adjusted to that of Tyrode 
solution. In this way, it is possible to avoid loss 
of the active substance which might otherwise 
occur during the removal of water by evaporation. 
In reconstituting incomplete solutions for assay, 
the most important adjustment appears to be that 
of pH. Under the conditions of the assay, the in- 
testine becomes perceptibly more sensitive to hista- 
mine in the test solution when the pH of this solu- 
tion is raised from 7.7 to 8.1, but not less so when 
the pH of the solution is reduced to 7.3. Hence, the 
PH of the test solution should not exceed that of 
the standard solution. 


SUMMARY 


1. A method is described for the assay of hista- 
mine on the superfused, guinea-pig ileum. 

2. The method was tested by performing 2 x2 
assays in which the lowest dose of histamine was 
usually 1 ng./ml. and the highest 2.5 ng./ml. The 
index of precision, A, was calculated from the data 
of assays on 12 strips of ileum. The mean value 
of X was 0.030 (range 0.012-0.052). 

3. Details are given of methods by which incom- 
plete solutions containing an active substance may 
be prepared for assay by this method. 
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ADDENDUM 
SEQUENTIAL TIMING UNIT 
BY 
W. T. S. AUSTIN 


The purpose of the instrument is to activate 
relays periodically during a cycle of operations. 
In the present instance a sequence of five opera- 
tions was chosen. A diagram of the unit is shown 
in Fig. 3. 


The unit comprises a timing circuit, a multiple 
switch (uniselector) and a means of resetting the 
timing device after each cycle. The timing circuit 
consists of an R.C. network which excites a Schmitt 
Trigger when the voltage reaches a critical value. 

A stock four-bank uniselector is modified by 
converting the interrupter switch (S,) from nor- 
mally closed to normally open, so that it “ makes ” 
when the uniselector armature is energized. One 
of the four banks of 25 contacts is used to time 
the period of each operation. For continuous 
running all 25 contacts must be connected to the 
timing circuit. The remaining banks are available 
for external switching. 

The P.O. relay in the anode circuit of V,, which 
switches the armature current of the uniselector, 
must have heavy-duty contacts capable of carrying 
5 A and the relay coil should be of high impedance 
(10,000—20,000 0). 


Power Supplies ——About 300 V H.T. at 60 mA 
from a conventional power supply, 6.3 V for valve 
heaters and a 24 V source of 5 A which may be 
from accumulators or a d.c. rectifier such as a 
battery charger. Low impedance working relays 
requiring 24 V are the most useful. If the relays 
are of high impedance a further source of high 
voltage is needed. 


Operation 


When switch S, is closed, C, is discharged, the 
control grid of V, is at earth potential, and the 
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Fic. 3.—Sequential timing unit. Only two of the four banks of the uniselector are shown. The first is used to time the period of each 
operation; the second, to energize the working relays (P.O. Rel. 1, 2, 3). 
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anode of V, at high tension ; hence the control 
grid of V, is at high potential and V, conducts ; 
this causes the P.O. relay to be energized and S, 
to be broken. When S, breaks, C, charges via 
R, from the grid-cathode potential of V,. When 
the voltage on the control grid of V, approaches 
cathode potential, V, conducts and the cumulative 
Schmitt action results in V, being cut off and S, 
be closed. The uniselector armature is energized 
to move the wipers one step further, R, being now 
the charging resistance. S, is now closed, C, is 
discharged, and the timing action repeated with 
a duration dependent on R,. The values of C 
and R in the diagram may be altered as required. 
Condenser C, must be of good quality since leak- 
age paths affect the times obtainable. To ensure 
complete discharge of C,, it may be necessary to 
increase the “make” time of S,. This can be 
done by connecting a condenser of, say, 0.25 mF 
between the cathode of V, and the control grid 
of V,. 

If a particular pattern of five operations is to be 
repeated continuously, the five variable resistances, 
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R,—R,, are connected consecutively and in the 
same order to all 25 contacts of the timing bank. 


External Switching—The second bank of the 
uniselector feeds the signal lamp and the working 
relays previously described (relays 1, 2, 3). The 
two-way switch between relays 1 and 3 makes it 
possible to replace the flow of Tyrode solution by 
that of Tyrode solution containing an antagonist. 
The third bank operates five pilot lamps which 
indicate the stages of the cycle ; the fourth bank 
is unused. Only the first and the second banks are 
shown in the diagram. 

The variable resistances were set as follows : 


R, at 15 sec. (to maintain the light signal 
before the release of the dose). 

R, at 8 sec. (to stop the flow of Tyrode and 
simultaneously release the dose). 

R, at 65 sec. (interval). 


R, and R, were set at zero and accounted for 
2 sec. The dose cycle was therefore 90 sec. The 
longest cycle attainable with the present unit is 
10 min. 
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ATROPINE-LIKE ACTIVITY OF SOME ANTICHOLINESTERASES 
ON THE RABBIT ATRIA 


BY 


R. E. TEDESCHI 
From the Department of Pharmacology, University of Oxford 


(RECEIVED MAY 22, 1954) 


The work to be described in this paper is an 
extension of studies made by Briscoe and Burn 
(1954) on the ability of quinidine to start the beats 
of the isolated atria after they had been stopped 
by acetylcholine (ACh) in the presence of eserine. 

Evidence is gradually accumulating to the effect 
that the action of the group of agents known as 
anticholinesterases is not due solely to their anti- 
cholinesterase activity. In 1949 Quilliam and 
Strong (1949) showed that eserine and neostigmine 
had an atropine-like activity on the rabbit heart in 
that, in the presence of di-isopropyl phosphoro- 
fiuoridate (DFP), they reduced the depression 
caused by ACh, and abolished the effect of pilo- 
carpine and arecoline. Briscoe and Burn (1954) 
demonstrated that in high concentrations eserine, 
neostigmine, and other anticholinesterases—such 
as the dimethyl carbamate of (2-hydroxy-S5- 
phenylbenzyl)-trimethylammonium bromide (Nu 
683); the N-p-chlorophenyl-N-methylcarbamate 
of m-hydroxyphenyltrimethylammonium bromide 
(Nu 1250); and the dimethobromide of 1: 5-di 
(p-N-allyl-N-methylaminophenyl)-pentan - 3 - one 
(284C51, Wellcome)—inhibited the action of ACh 
on the rabbit atria. Neostigmine is known to 
act other than as an anticholinesterase on skeletal 
muscle. Thus Riker and Wescoe (1946) found 
that neostigmine had a stimulant action when all 
cholinesterase was inhibited, but that DFP had 
an anticholinesterase action only. McNamara, 
Murtha, Bergner, Robinson, Bender, and Wills 
(1954), experimenting with anticholinesterase com- 
pounds, suggested that the reversible actions of 
DFP and TEPP might not result solely from 
cholinesterase inhibition. Additional evidence 
supporting this view is found in the comprehensive 
review of Riker (1953). 

Observations now to be described indicate that 
in high concentrations many anticholinesterases 
and other substances have an action similar to 
atropine on the isolated rabbit atria. The con- 
tractions of the isolated atria were arrested by 
ACh in the presence of a low concentration of an 
anticholinesterase as was described by Webb 


(1950). Various substances were then tested to see 
if they would cause the contractions to begin again, 
as they do when atropine or quinidine is added, 
as was shown by Briscoe and Burn (1954). Since 
these workers also demonstrated a close similarity 
between the action of quinidine and that of a high 
concentration of eserine, eserine was tried first. 


METHODS 


Young rabbits of either sex were killed by concussion. 
The heart was removed and immediately put into cooled 
Locke’s solution at 8-15° C. The Locke’s solution 
contained in one litre 9 g. NaCl, 0.42 g. KCl, 0.24 g. 
CaCl,, 0.5 g. NaHCO, and 2 g. dextrose. The atria 
were dissected free from connective, ventricular and fatty 
tissues and suspended in a bath of 35 ml., well oxygenated 
at 29° C. 


RESULTS 


The results obtained with eserine are illustrated 
in Fig. 1, which records the contractions of the 
atria. When eserine sulphate was added to the 





Fic. 1.—Contractions of isolated rabbit atria in 35 ml. bath. At E,, 
eserine sulphate 10-* g./ml. At A.1 ug. ACh. At E,, eserine 
sulphate, 4 x 10-* g./ml. ; 
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bath to give a concentration of 10°* g./ml., and 
followed in about 1 min. by 1 yg. ACh, the con- 
tractions were arrested, and remained so for about 
4 min. The concentration of eserine was then 
raised so that it was 400 times greater than before. 
The contractions then began again. This result 
was observed in 10 out of 15 trials on 4 prepara- 
tions of isolated atria. 

Similar results were obtained with neostigmine, 
Nu 683, Nu 1250, and 284C51. However, the 
anticholinesterases which are organic phosphates 
did not have this action, those tested being DFP, 
di-ethyl-4-nitrophenylphosphate (E 600 or para- 
oxon), tetraethylpyrophosphate (TEPP) and bis- 
(isopropylamido)-phosphinic acid anhydride (iso- 
OMPA). Fig. 2 is the record of an experiment 





Fic. 2.—Record as in Fig. 1. 
ACh. At D,, DFP 2x10 
4x 10-* g./ml. 


At Di, DFP 10-* g./mi. At A, 1 yg. 
g-/ml. At N, neostigmine 


in which DFP was added to the bath to give a 
concentration of 10°* g./ml. and, after 2 min., 
1 wg. ACh caused arrest of the auricles. A high 
concentration of DFP (2x 10™* g./ml.) was then 
without effect. A high concentration of neo- 
stigmine (4x 10~* g./ml.) started the contractions. 

A further illustration is shown in Fig. 3, in 
which E 600 was first used in a concentration of 
10°* g./ml., and 5 wg. ACh then stopped the 
contractions. Concentrations of 2x10‘ g./ml. 
E 600, and then of 4x 10™* g./ml., were without 
effect, but a concentration of 284C51 (4x 10 g./ 
ml.) started the contractions at once. It should 
be noted that when 5 ng. ACh was then added to 
the bath it had no action. 

Various other compounds which were not anti- 
cholinesterases were also tested. Some of these, 
such as mepyramine, diphenhydramine, procaine, 
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Fic. 3.—Record as before. At P;, paraoxon 10-* g./ml. At A., 
5 ug. ACh. At P,, paraoxon 2 10-* g./ml. At P3, paraoxon 
4x10-* g./ml. At B, 284C51 4x 10~ g./ml. 


and pethidine, have been shown to resemble 
atropine and quinidine, and it was not surprising 
to find that they also were able to start the con- 
tractions which had been stopped by ACh in the 
presence of a low concentration of an anti- 
cholinesterase. Three substances, however, which 
unexpectedly behaved in the same way were the 
methyl ester of alanine, decamethonium, and 
hexamethonium. The two first of these acted 
rapidly, while the third was slow and feeble in 
its effect. The substances are shown in Table I. 


TABLE I 
RESULTS OF TESTS FOR ATROPINE-LIKE ACTIVITY OF 
VARIOUS COMPOUNDS 


The activity tested was the ability to start the beats of rabbits’ isolated 
atria which had been stopped by ACh in the presence of an anti- 
cholinesterase 





Proportion Dose (mg.) Added to 


No. of of 35 mi. Bath 


Atria 


Compound 
Used 





Positive 
Observations 


10 out of 15 


” ” 


Effective | Non-effective 





Eserine 

Neostigmine 

Nu 683 

Nu 1250 .. 

284C51 

DFP 

E 600 

TEPP sis 

iso-OMPA 
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Pethidine . . iis 

Diphenhydramine 

Mepyramine : 
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Methyl ester ” of 
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DISCUSSION 


These results add to the evidence that several 
substances commonly described as anticholin- 
esterases have other actions when they are present 
in high concentrations. When a low concentration 
of eserine is added to the bath in which isolated 
atria are beating, the addition of a small amount 
of ACh arrests the contractions. A small amount 
of atropine causes them to beat again. This effect 
of atropine can be imitated by a high concentra- 
tion of eserine, or of neostigmine or of other 
anticholinesterases. It was interesting to observe 
that the organic phosphate inhibitors of cholin- 
esterase did not have this atropine-like action. 
The other substances which caused the contrac- 
tions to begin again were for the most part sub- 
stances already known to share their properties 
with atropine (Burn, 1950), but there were two 
others. One was decamethonium and the other 
was the methyl ester of alanine. Biilbring (1946) 
showed that in some respects there was a resem- 
blance between the action of atropine and that of 
(+)-tubocurarine in the phrenic nerve diaphragm 
preparation, and the effect of decamethonium and 
of hexamethonium on the atria may perhaps be 
considered as atropine-like. 

With regard to the methyl ester of alanine, Berg- 
mann, Wilson, and Nachmansohn (1950) have 
shown that esters of amino acids have an anti- 
cholinesterase action. It is therefore interesting to 
observe that in high concentrations they have an 
atropine-like action also. 


SUMMARY 


1. The contractions of the isolated rabbit atria 
are arrested by small amounts of ACh in the 


presence of a low concentration of an anti- 
cholinesterase. The contractions begin again if a 
small amount of atropine is added. 


2. It has been found that several substances 
known to have an anticholinesterase action will 
also cause the contractions to begin again if 
present in sufficient concentration. 


3. Eserine, neostigmine, Nu 683, Nu 1250, 
284C51 (Wellcome) have this property, but the 
organic phosphates such as DFP, TEPP, E 600 and 
iso-OMPA do not. 


4. Various other substances which have some 
atropine-like action also cause the contractions to 
begin again. 


It is a pleasure to express my sincere thanks to 
Professor J. H. Burn for suggesting this work and for 
providing facilities in his Department. 
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In 1941 Kwiatkowski reported a new technique 
for the assay of histamine, the tissue being 
suspended in air and the appropriate fluid, with or 
without dissolved drug, being run over the surface 
of the preparation. This was a development of the 
method described by Gaddum, Jang and Kwiat- 
kowski (1939) for the detection of sympatho- 
mimetic substances in the venous outflow from the 
perfused rabbit ear. The principle of running fluid 
containing an active substance over the surface 
of a tissue suspended in air had been first reported 
by Finkleman (1930). 

The technique described by Kwiatkowski in- 
volved the injection of 0.1 ml. of drug solution 
into a side-arm of the tube carrying the fluid ; for 
histamine assay the concentration of drug required 
in the injected solution was in the region of 10 
ng./ml. The injection of drugs into a moving 
stream may lead to errors due to uneven mixing, 
but this has been avoided in the technique recently 
described by Gaddum (1953). In this method 
(superfusion) the flow of fluid over the tissue is 
interrupted for a given period, the tissue is allowed 
to drain and the surface is then covered with the 
drug solution applied from a dropping pipette. 
The drug is allowed to act for a given period 
before the flow of superfusing fluid is restarted. 

It is claimed that very small quantities (5 drops, 
0.2 ml.) of drug solution can be used and that this 
amount is “a reasonable compromise between the 
conflicting claims of the accuracy which might be 
achieved with more drops and the economy which 
would be achieved with fewer.” The concentra- 
tions of drug used for histamine assay were 
1-4 ng./ml. Spencer (personal communication) 
has suggested that the accuracy of the assay may 
be improved by the use of 0.5-0.8 ml. of drug 
solution, this fluid being applied immediately after 
stopping the flow of the superfusing fluid, without 
any period of drainage. Test solution volumes 
of 0.6 ml. have been chosen by Adam, Hardwick 
and Spencer (1954). The absence of flowing fluid 
may sometimes result in a response—possibly from 


release of choline esters (Magnus, 1930) or from a 
temperature change. 

However, apart from the literature quoted above, 
there seems to be little information concerning the 
relationship of the volume of the test solution to 
the accuracy of the assay, and no direct compari- 
son has been made of the accuracy of the super- 
fusion method with that of the usual bath 
techniques. 

Because we were faced with the problem of 
assaying very small volumes of test solution, it 
was of interest to us to obtain information on these 
points. We have accordingly investigated them, 
using histamine and the guinea-pig ileum. 

With the “ large-bath ” method (volume 2-5 ml.), 
it is possible to use volumes of test solution of the 
order of 0.2-0.5 ml. if the concentration of hista- 
mine is sufficient to give a final concentration in 
the bath of 10 ng./ml. If the “small-bath” 
method is used, the tissue is surrounded by the 
undiluted test solution ; the concentration required 
is in the region of 1-5 ng./ml., but the smallest 
convenient bath volume for most tissues is 1.5 ml. 
—a volume considerably in excess of that claimed 
necessary for the superfusion method. It seemed 
to us that the superfusion method would be advan- 
tageous, for only small volumes of test solution 
are required ; but it was first necessary to deter- 
mine how the use of such small volumes was 
related to the accuracy obtained. The only 
estimates of precision for histamine assays appear 
to be those determined for the large-bath method 
by Schild (1942), for the small-bath method by 
Mongar and Schild (1950) and by Boura, Mongar 
and Schild (1954), and for the superfusion tech- 
nique by Adam, Hardwick and Spencer (1954). No 
comparison of the precision of the small-bath and 
superfusion methods seems to be available, nor is 
there any analysis showing the limits of accuracy 
of superfusion assays using various quantities of 
test solution. We have accordingly studied the 
responses of the guinea-pig ileum to histamine, 
relating them both to the volume of fluid applied 
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(or the number of drops) and to the duration of 
drug contact with the tissue, and have compared 
the response of the superfused preparation with 
that of a similar tissue in a bath of the smallest 
convenient volume. 

Furthermore, the application of the superfusion 
method to the assay of substances other than hista- 
mine has been studied. The rat colon and the rat 
uterus preparations have been used for 5-hydroxy- 
tryptamine, and the frog rectus for acetylcholine 
assays, although Kwiatkowski (1941) has reported 
that the frog rectus is unsuitable for the assay of 
acetylcholine by the superfusion technique. 


METHODS 


Histamine Assay on Guinea-pig Ileum 


Superfusion Method.—The tissue was suspended in a 
water-jacketed ‘‘ Perspex’? chamber. The solutions 
were contained in glass Mariotte bottles, the outflow 
from these being controlled by electromagnetic clamps 
acting on small bore rubber tubes (Schild, 1946), and 
the rate of flow adjusted for each solution by a screw 
clip placed about the tube below the clamp. From these 
tubes the fluids ran down a water-jacketed, thin-walled, 
glass warming-tube and on to a glass finger leading to 
the thread connecting the tissue to the writing lever. 
The glass finger was arranged to be within the confines 
of the tissue chamber to reduce temperature variation 
from cooling of the fluids by air currents. 


Bath Method.—A glass bath of 2.0 ml. capacity and 
water-jacketed was used. The inflow to the bath was 
exactly as for superfusion except that the screw clips 
were not used and the required amount of fluid to fill 
the bath was controlled by limiting the time during 
which the electromagnetic clamps remained open. The 
bath was emptied from the bottom, the suction being 
under control of a further clamp. 

The administration of drug solutions and superfusion 
or bath fluid was automatic, separate timer circuits 
being available to control each operation independently. 

A frontal writing lever was used; it gave a 13:1 
magnification and was weighted between 0.5 and 0.75 g. 
excluding the weight of the tissue. Sections of the ileum 
within about 1 in. of the ileo-caecal junction were 
obtained from female virgin guinea-pigs weighing 300- 
400 g. The mammalian Tyrode solution, oxygenated 
by bubbling O, through the bath or Mariotte bottle, 
had the following composition (g./l.): NaCl 8.0, KCI 0.2, 
CaCl, 0.2, MgCl, 0.1, NaHCO; 1.0, NaH,PO, 0.05, and 
glucose 1.0. The temperature of all fluids running over 
the tissue was 27-28° C., but in the bath experiments it 
was 30° C. Values for histamine, used as the acid 
phosphate, are in terms of the base taken as 36.16% of 
the salt. 

Experiments to investigate the relationship between 
the accuracy of the assay and the amount of drug given 
(or the duration of exposure of the tissue to the drug) 
were designed as follows: 


(a) Superfusion without Cessation of Fluid Flow.—Here 
the tissue was exposed to 4 different concentrations of 
drug for different time intervals, namely 5, 10, 15, 20, 
25, 30, 35, and 40 sec., the exposure being preceded and 
immediately followed by administration of the super- 
fusing fluid without any cessation of flow. In this, as 
in all experiments, both drug concentration and times of 
exposure of the tissue to the drug were arranged in 
random block design of 4x4 for each of the 8 time 
intervals. Since the rate of flow of each of the solutions 
was the same throughout the experiment, and constant 
at 1 drop/sec., and since approximately 20 drops were 
equivalent to 1 ml., times and volumes are related. 


(b) Superfusion with Cessation of Fluid Flow.—In this 
type of experiment the drug administration was preceded 
by a 10 sec. interval and was followed by a 30 sec. interval 
when no solution flowed over the surface of the tissue. 
Controls were performed to ascertain that no spontaneous 
contraction was induced by these “dry” intervals. 
Each drug solution was administered in different amounts, 
namely from 5-60 drops (see Table I, the relation 
between drops and volume being as above, and the same 
4x 4x8 block design being used. 


(c) Bath Method.—Here the volume of fluid in the 
bath was always the same—1.5 ml. in the presence of 
the tissue. Times of exposure to the drug solutions 
varied in 10 sec. intervals from 10 to 60 sec., and any 
one administration of the drug was immediately followed 
by two washes with Tyrode solution. The 3 doses 
were given in a block design. 


Acetylcholine Assay on the Frog Rectus 


The superfusion method was used as in (a) and (b) 
above; the apparatus was the same, but the assay was 
conducted at room temperature. The frog rectus was 
prepared in the usual way and used either directly or 
after treatment for 30 min. with 2.0 ug./ml. eserine 
sulphate in Ringer solution; when so treated the super- 
fusion fluid also contained eserine. The oxygenated 
amphibian Ringer solution had the following composi- 
tion (g./l.): NaCl 6.5, KCl 0.14, CaCl, 0.12, NaHCO, 
0.2, and NaH.PO, 0.01. The frontal writing lever 
(13: 1) was loaded at 1.0 g. Acetylcholine was used as 
the bromide and the values are given in terms of the salt. 


5-Hydroxytryptamine Assay on the Rat Uterus 


Attempts were made to assay 5-hydroxytryptamine on 
the superfused rat uterus with the apparatus described 
for the histamine assay, but several modifications were 
necessary to ensure uniform responses. Very slight 
changes in temperature produced erratic spontaneous 
contractions. Although the temperature variation of 
about 0.5° C., obtained in the change-over from super- 
fusion fluid to drug solution, did not affect the ileum 
preparation, it was too great to permit uniformity of 
response of the uterus. 

The final design to ensure constancy of temperature 
and a constant rate of fluid flow was as follows. The 
drug solutions were placed in thin-walled, stoppered 
tubes immersed in a water-bath. Two “ polythene” 
tubes passed through the stoppers, one (2.0 mm. internal 
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diameter) being connected via an electromagnetic clamp 
to a source of air pressure, and the other (0.5 mm. 
internal diameter) reaching the bottom of the container. 
This latter tube conducted the warmed drug solution to 
the top of the thin-walled, water-jacketed, glass tube 
which was arranged to end well inside a large water- 
jacketed chamber, and the drops were conducted by a 
glass finger to a thread connecting the tissue to the lever. 
The chamber was covered with a slotted “‘ Perspex ”’ 
disc. The superfusion fluid was contained in a large 
reservoir and passed through a warming coil in the 
bath and hence to the top of the water-jacketed tube. 
By this means the temperature inside the bath was kept 
constant within 0.1° C., both in the presence and in the 
temporary absence of fluid, over a range of temperature 
extending up to 36° C. The rate of flow of solutions 
could be kept constant or, if required, varied within 
wide limits without affecting the temperature of the 
fluids reaching the tissue. The alteration in rate of flow 
of solutions was made by increasing the level of water 
in a simple escape valve, thus increasing the air pressure 
delivered to the individual drug bottles. Since all 
bottles were fed from a common air source such alteration 
affected each to the same degree. 


RESULTS AND DISCUSSION 
Histamine Assay on Guinea-pig Ileum 
Results, which are typical of many experiments, 


are shown in Table I and Figs. 1 and 2 and illu- 
strate most of the points raised in this study. 
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Relationship Between the Amount of Drug and 
the Response.—(i) From Fig. 1, graph (a). Increas- 
ing the amount of drug applied to the tissue, i.c., 
increasing the volume of any one test solution, 
produces an increased response finally reaching 
a maximum. In graph (a) the dose-response curves 
for 20, 25, 30, 35 and 40 drops are not significantly 
different. 


(ii) This increase in response is often accom- 
panied by a change in the slope of the dose- 
response curve, and in some experiments, as illu- 
strated here (see Table I (a) ), there is a deviation 
from linearity of response—in all instances 
“convex upwards ’—since the increment may not 
be equal for all doses. 

(iii) From Fig. 2, line (a). The increased response 
is accompanied by a decrease in the precision co- 
efficient (s/b). This is high when small amounts 
of test solution are used and reaches an approxi- 
mately constant value once a certain amount of 
drug has been applied or once the time of appli- 
cation has exceeded a certain value—25 drops or 
25 sec. 

As the application of greater volumes of drug 
involves longer exposure to the drug it is neces- 
sary to determine whether the increased response 
is simply due to the period of drug contact or if 
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with cessation of flow, (c) Bath method. 


DOSE 


Fic. 1.—Dose-response curves for histamine assay using the guinea-pig ileum. 
Dose is given in the form of the dose metameter: 


(a) Superfusion without cessation of flow, (b) Superfusion 
1 unit=3.6 ng./ml. of histamine base. 


Figures to the right of graphs (a) and (c) give times of drug contact in sec. ; in (a) and (b) these figures also represent the number of drops applied. 
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TABLE I 
RESULTS OF HISTAMINE ASSAYS ON GUINEA-PIG ILEUM BY THREE METHODS; FOR DETAILS SEE TEXT 


Time column refers either to time of drug contact in sec., or number of drops applied, depending upon method. Doses are on 
an arithmetic scale and X refers to the mean dose metameter for either 4 or 3 doses 














_ De ’ ( re h 

. in ; => - ' viation s/b wit 
Technique or i y b s/b from Log Scale 
Drops . Linearity of Doses) 

Superfusion without cessa- 5 22-4 6°6 6°58 0-997 0-2-0:1 0-189 

tion of fluid flow (a) 10 38-0 8-4 7:31 0-87 >0:2 0-173 

15 43-3 76 6:19 0-81 0-2-0-1 0-164 

20 48-2 10-4 3-95 0-38 0-05-0-01 0-072 

25 2°5 47-8 8-3 3-81 0:46 0:05-0:01 0-088 

30 49-0 6:2 2°51 0-40 =0-1 0-079 

35 48-0 9-7 4-32 0-45 >0-2 0-089 

40 49-8 10-6 3-54 0-33 0-05-0-01 0-065 

Superfusion with cessation 5 18-4 4:8 2-85 0-59 0.1-0-05 0-057 

of fluid flow (b) 10 38-5 11-2 4-79 0-43 >0-2 0-064 

15 48-3 10-8 2°83 0-26 >0-2 0-027 

20 54-6 12-0 3-63 0:30 =0-1 0-026 

30 2:5 57-9 12-7 3-86 0-30 >0-2 0-038 

40 64-6 16-7 5-56 0-33 >0-2 0-035 

50 64-1 16-7 3-99 0-24 >0-2 0-032 

60 67-3 16-2 4-84 0-30 >0-2 0-043 

Bath (c) 10 43-8 17-6 4-04 0-23 >0-2 0-083 

20 39-5 16-5 5-51 0-33 >0-2 0-063 

30 41-8 16-4 6:19 0-38 >0-2 0-087 

40 2-0 40-9 17-6 5-00 0-28 >0-2 0-103 

50 42-1 17-0 2:83 0-17 0-2-0-1 0-085 

60 43-2 18-1 3-70 0-20 0-1-0-05 0-049 
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Fic. 2.—Histamine on guinea-pig ileum. Graph relating precision 
coefficient (s/b) to duration of drug contact in sec., or no. of 
drops applied (depending on method). Lines a, b, and c indicate 
methods referred to in text and Fig. 1. 














it is only affected by the amount of drug. The 
response to the application of a small quantity of 
drug might have been larger had not the super- 
fusion fluid been re-admitted, thus washing away 
the drug before it had completed its action. 
Experiment (b) was designed to elucidate this 
point. Here, although the volumes used varied 
(Table 1), the tissue was in contact with the drug 
for at least 35 sec., a period much in excess of the 
20 sec. point at which the previous maximal re- 
sponses were obtained. If the increased response 


was simply due to the time of exposure to the 
drug then the period of 35 sec. should allow ade- 
quate time for maximal response. Fig. 1 (b) and 
Fig. 2, line (b), show, however, that there was an 
increase in the response with increasing amounts 
of drug, indicating that it is this quantity which 
is of significance and not merely the time of drug 
contact. In this particular experiment deviations 
from linearity did not appear (Table I (b)), 
although the unequal increments produced by in- 
creasing the time of exposure at the different dose 
levels led to alterations of slope. Again the value 
of the precision coefficient decreases to a minimum 
at about the 15-20 sec. period, the quantity of drug 
administered being 0.75-1.0 ml. 

It appears from these results that the quantity 
of drug administered, rather than the time interval 
during which the contraction was allowed to occur, 
was the variable which led to the increased magni- 
tude of contraction and increased precision. 

This hypothesis was confirmed, as can be seen 
by reference to Fig. 1 (c) and Fig. 2, line (c). In 
the bath method the tissue was immersed in a 
constant volume of drug solution, the time of con- 
tact being varied. Here there is neither increase 
in the magnitude of contraction with increase in 
time, the dose-response curves not being signifi- 
cantly different, nor any clear trend in the values 
of the precision coefficient. 

In Table I the precision coefficient has been 
calculated on the basis of doses arithmetically 
spaced, since, in practice, this gradation provided 
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a means of using 4 doses of drug within a four- 
fold range of concentration, which appears to be 
a convenient limit for linearity of response. The 
s/b values are, therefore, not comparable with 
those calculated by Schild (1942), Boura ef al. 
(1954) and Adam et-al. (1954). We have recal- 
culated our s/b values on the basis of log dose, 
the results being given in Table I, and they show 
precisely the same trends as those calculated on 
the arithmetic basis. The mean minimal value for 
experiment (b) is 0.033, this being comparable with 
those given by these authors. 


(iv) It may be noted by reference to Fig. 1 that 
the dose range used in these experiments was from 
3 to 14 ng./ml., this being 3—5 times that employed 
by Gaddum (1953) and Adam et al. (1954). It is 
possible that this relative insensitivity was due to 
the use of large guinea-pigs, as suggested by the 
latter authors, and to the low working range of 
temperature. 

It is clear that the use of very small volumes of 
drug solution will not give as great precision as 
larger volumes, and this means that the degree 
of economy of test fluid must be weighed against 
the precision desired. In our experience, for hista- 
mine assay on the guinea-pig ileum by the method 
of superfusion with cessation of fluid flow, 0.75- 
1.0 ml. of fluid is required to reach optimal levels 
of precision. 


Further Points of Experimental Technique.— 
From experiments of the type (b) we are of the 
opinion that a 10 sec. interval before, and a 30 
sec. interval following, drug contact can be allowed 
without the occurrence of spontaneous contrac- 
tions This is in agreement with the finding of 
Gaddum (1953), but is contrary to that of Adam 
et al. (1954), the explanation possibly being asso- 
ciated with the low working temperature and 
relative insensitivity of the preparations in our 
experiments. No atropine has been added to the 
Tyrode solution in these experiments. 

The records obtained by the method of super- 
fusion are easier to interpret than those from 
experiments using the bath method ; movements 
of the recording system due to washing out are 
eliminated. This is of particular value when test- 
ing solutions which may contain substances giving 
a delayed response. 

The longevity of the tissue, in so far as con- 
sistency of response is concerned, seems much 
greater in the superfusion method. As many as 
200 separate drug administrations have been per- 
formed on several occasions without decrement or 
significant alteration of response. 


Acetylcholine Assay on the Frog Rectus 


It was of interest to see if the slow contraction 
of this type of muscle would influence the relation- 
ship between duration of drug contact and re- 
sponse. The tracing (Fig. 3), the dose-response 





Fic. 3.—Response of superfused frog rectus preparation to 0.2 ug./ml. 
ACh bromide: frontal writing lever. Responses are in pairs 
relating to duration of drug contact. Reading from left to right 
—5, 10, 15, 25, 50, 75, and 100 sec., at 1 drop/sec. 
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Fic. 4.—ACh dose-response curve obtained from superfused frog 
rectus preparation (50 sec. drug exposure). Dose is on a log. 
scale. 

curve (Fig. 4) and the analysis of variance (Table 

II) show the augmentation of response with in- 

creasing time of drug contact, the linearity of 

response over this dose range and the stability of 
the preparation. The period of drug contact for 
optimal response appears to be about 50 sec., 
ie. 2.5 ml. of fluid. The use of a frontal 
writing lever permits precise determination of the 
peak of the response as relaxation occurs promptly 
when the Ringer fluid is re-admitted. This pre- 
paration althéugh requiring 2.5 ml. of test solu- 
tion does give an extremely accurate and clear-cut 
assay. 

A possible reason for the previous unsuccessful 
application of the superfusion method to the frog 
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SOME OBSERVATIONS ON THE METHOD OF SUPERFUSION 


TABLE II 
ANALYSIS OF VARIANCE = THE ACh ASSAY SHOWN IN 


Adjustment for mean: 10384 



































Nature af Sum of | Mean | Variance P 

of Variance sei Squares | Square Ratio 
Regression .. 1 2,489 2,489 2,999 <0-001 
Deviation from 

linearity 2 8 4 4:8 0-1-0-05 
Between doses 3 2,497 832 1,002 <0-001 

io runs 2 5 2°5 3-01 0-2-0-1 
Error 6 5 0-83 

Total 11 2,507 
b: 88 |Vb: 2-6 Equation: Y =29-42+88 (x —0-6901) 
sib: 0-01 i 





rectus emerges from these results. Injection of 
small quantities of drug into a side-arm of the 
tube carrying the superfusion fluid, as practised 
by Kwiatkowski (1941), did not give sufficient 
duration of contact between drug and tissue to 
obtain constancy of response. 


5-Hydroxytryptamine Assay on the Rat Uterus 


Following the modifications to the superfusion 
apparatus described under “ Methods,” stability of 
this preparation with regard to freedom from spon- 
taneous activity on change-over of solutions, or 
during the period of cessation of fluid flow, has 
been achieved. Despite this, the rat uterus has not 
given as satisfactory results as either the guinea- 
pig ileum or the frog rectus preparations. 

When using various tissues for other assays, it 
has been found that the temperature stabilizing 
modifications, together with the simple method for 
simultaneously changing the rates of flow from all 
bottles, are of great advantage, and have, therefore, 
been described in this paper. 
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SUMMARY 


1. Experiences of the superfusion method for the 
assay of histamine, acetylcholine and 5-hydroxy- 
tryptamine are described. 


2. The relationship between response and the 
volume of test fluid or the duration of application 
of test fluid to the tissue has been investigated for 
the histamine assay on the guinea-pig ileum and 
the acetylcholine assay on the frog rectus 
preparations. 


3. Precision coefficients have been determined 
for these relationships in the assay of histamine. 
The significance of these findings together with 
other points of technique are discussed. 


One of us (G. W. C.) is grateful to Dr. H. Cullumbine 
and to the Ministry of Supply for facilities afforded in 
the Porton laboratories, and to Mr. K. E. V. Spencer 
for introduction to the method of superfusion. 


We also thank Dr. Merrell E. Speeter of the Upjohn 
Company, Kalamazoo, U.S.A., for a generous supply of 
5-hydroxytryptamine creatinine sulphate. ‘ 
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STUDIES ON THE STRUCTURE-ACTION RELATIONSHIPS 
OF PARASYMPATHOMIMETIC FURAN COMPOUNDS 
BY 


A. K. ARMITAGE anp H. R. ING 
From the Department of Pharmacology, Oxford University 


(RECEIVED MAY 11, 1954) 


The discovery that 5-methylfurfuryltrimethyl- 
ammonium iodide (I, R=CH,) was considerably 
more active as a parasympathomimetic (or muscar- 
inic) drug than furfuryltrimethylammonium iodide 
(“ Furmethide”; I, R=H) was discussed in an 
earlier paper (Ing, Kordik, and Tudor Williams, 
1952). Two more homologues of furmethide have 
now been prepared, viz. 5-ethylfurfuryltrimethy]- 
ammonium iodide (I, R=C,H,) and B-2-furylethyl- 
trimethylammonium iodide (II); both compounds 
were compared, on the same preparations, with 
furmethide and its 5-methyl derivative. 2249F or 
“ Dilvasene ” (III, R=H) and 2268F (III, R=CH,) 
were also tested in order to compare these highly 
active compounds with our furan compounds. 


—_———— 
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RESULTS AND DISCUSSION 


The new compounds were tested by the methods 
already described by Ing, Kordik, and Tudor 
Williams (1952), and the results are recorded in 


compound (I, R=C,H,) was considerably less 
active than either the furfuryl or 5-methylfurfuryl 
compounds. Since the 5-ethylfurfuryl compound 
contains the equivalent of a 6-atom acyclic chain, 
this result is in accordance with the empirical 5- 
atom rule (Alles and Knoefel, 1939; Ing, 1949) that 
maximal parasympathomimetic activity in homo- 
logous compounds of the type RNMe,}X will be 
shown by compounds which contain a 5-atom 
acyclic chain or its equivaient (excluding H-atoms) 
attached to the quaternary N-atom; it also illus- 
trates the astonishing dependence of parasympa- 
thomimetic properties upon detailed structure, since 
the 5-ethylfurfuryl compound only differs from the 
highly active 5-methylfurfuryl compound by the 
addition of a methylene group. 

Unfortunately the next higher homologue of 
2268F (III, R=C,H,;) was not available, but 
Fourneau, Bovet, Bovet, and Montezin (1944) 
found it to be less active than 2268F on blood 
pressure (dog) and isolated intestine (rabbit). 

It is worth noting that the relative parasympa- 
thomimetic activities of furmethide and its 5-methyl 
compound were similar to those of 2249F and 
2268F; the only striking difference between these 
pairs of compounds was the much greater activity 
of 2249F and 2268F on frog rectus. 

8-2-Furylethyltrimethylammonium iodide was 
about as active as 2249F and 2268F on frog rectus, 
but in its parasympathomimetic properties it was 











Table I. It will be noticed that the 5-ethylfurfuryl consistently less active than its lower homologue, 
TABLE I 
Approx. Equipotent Molar Ratios (ACh=1) 
Compound M.W. : . : 
" ’ Rabbit Guinea-pig Frog Fro 
Cat’s B.P. Auricles Ileum Heart phe 
Furfuryltrimethylammonium iodide (Furmethide) ‘aia 267 10-30 -16 12 126 505 
5-Methylfurfuryltrimethylammonium iodide .. i 281 1-3 1-2 0-34 15 7,000 
5-Ethylfurfuryltrimethylammonium iodide a ie 295 120 750 : a 1,900-3,800 | + 2,000 
§-2-Furyltrimethylammonium iodide .. ne oe 281 260 80 105 400 23 
2249F (Dilvasene) .. ea es “ ‘a ea 273 60 8 17 90 21 
2268F oa on ae i“ re aa - 287 1-6 0-22 0-43 1-2 33 
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furmethide (I, R=H); it therefore provides an 
exception to the 5-atom rule. 

There are two types of homologous series: (1) 
those in which the length of a terminal alkyl] chain 
is varied, leaving the relative positions of functional 
groups in members of the series unchanged; and 
(2) those in which the length of a polymethylene 
chain connecting two functional groups is varied. 
5-Alkylfurfuryltrimethylammonium salts (1) belong 
to the first type; 8-2-furylethyltrimethylammonium 
iodide (II) belongs to the second type—i.e., to the 
series 2-furyl-(CH,),-NMe,}I (IV) in which only 
the value of nis altered. Furmethide itself belongs 
to both types, since it is a furfuryl derivative of 
formula I (R=H) and a 2-furyl derivative of 
formula IV (n=). 

It may well be that the empirical 5-atom rule 
applies only to homologous series of type 1; this 
would not be surprising, since there is good 
evidence that the activities of parasympathomimetic 
compounds depend not only upon the length 
of the chain attached to the N-atom but also 
upon the relative positions of the N-atom and 
some functional group containing oxygen. For 
example, both the methyl ether of homocholine, 
CH,OCH,CH,CH,NMe, }I, and the propyl ether 
of formocholine, CH,CH,CH,OCH,NMe, }I, are 
less active, aS parasympathomimetic drugs, 
than the isomeric ethyl ether of choline, 
CH,CH,OCH,CH,NMe, }I (Ing, Kordik, and 
Tudor Williams, 1952); similarly betaine ethyl ester, 
CH,CH,OCOCH,NMe,}I (Hunt and Renshaw, 
1925, 1926), is less active than the isomeric methyl 
ester of propionic betaine, CH,OCOCH,CH, 
NMe, }I (Bass, Schueler, Featherstone, and Gross, 
1950; Schueler and Keasling, 1951). The obser- 
vation that the 2-furyl compound (II) is less active 
than the isomeric 5-methylfurfuryl compound 
(I, R=CH,) provides another example. It seems, 
therefore, that in parasympathomimetic cations 
containing an oxygen function the distance between 
the oxygen function and the quaternary N-atom 
is of fundamental importance and may outweigh 
the effect of chain length. Maximal parasympa- 
thomimetic activity appears to be associated with 


the unit : oxygen function-(C),-NMe,, and when 
this unit is present there is good evidence that 
cations containing a 5-atom chain (excluding 
H-atoms) will show greater parasympathomimetic 
activity than cations containing a shorter or longer 
chain. If, however, the oxygen function and the 
quaternary N-atom are separated by less or more 
than two C-atoms, the most active cation will not 
necessarily contain a 5-atom chain. This qualifi- 
cation of the 5-atom rule is at present hypothetical; 


it could only be established by the direct com- 
parison of carefully selected compounds, which we 
have not yet had an opportunity of testing. 


CHEMICAL SECTION 


(All melting points uncorrected. Analyses by Drs. 
Weiler and Strauss.) 


5-Ethylfurfuryltrimethylammonium Iodide.—2-Acetyl- 
furan was prepared from furan and acetic anhydride 
with either hydriodic acid or iodine as catalyst (Hartough 
and Kosak, 1949). It was reduced to 2-ethylfuran by 
heating it under reflux with excess of hydrazine hydrate 
and caustic soda in ethylene glycol for 3 hr. (11 g. 
acetylfuran+10 ml. 85% hydrazine hydrate+10 g. 
NaOH in 80 ml. ethylene glycol). The reaction mixture 
was distilled and the fraction boiling below 120° C. 
saturated with salt and extracted with ether. Evapora- 
tion of the ether and two fractional distillations of the 
residual oil gave a 20% yield of 2-ethylfuran, b.p. 92-95° 
C., which was converted into 5-ethylfurfuryltrimethyl- 
ammonium iodide in the same way as its 5-methyl 
homologue had been prepared from 2-methylfuran (Ing, 
Kordik, and Tudor Williams, 1952). The quaternary 
iodide was recrystallized from methyl ethyl ketone; it 
melted over 9° C. (89-98° C.), but analysed correctly 
(Found: C, 40.7; H,6.1;.N,4.5. Cy9H,gONI requires 
C, 40.7; H, 6.1; N, 4.7%) and behaved as a single 
homogeneous substance on a paper chromatogram. 
The picrate, prepared from the iodide and a saturated 
aqueous solution of calcium picrate, crystallized from its 
solution in hot water; m.p. 106-107.5° C. (Found: 
C, 48.8; H, 5.4; N, 14.1. CygHapN,O, requires 
C, 48.5; H, 5.2; N, 14.1%). 


B-2-Furylethyltrimethylammonium Iodide. — Furfural 
was condensed with nitromethane by the method of 
Thiele and Landers (1909) to give a-2-furyl-f-nitroethy- 
lene, m.p. 74-75° C. after recrystallization from ligroin. 
The latter substance (7 g.), dissolved in dry ether, was 
added to an ethereal solution of lithium aluminium 
hydride (7.6 g.) at such a rate as to keep the reaction 
solution boiling gently; stirring was continued for 1 hr. 
after addition of the nitro-compound. Excess lithium 
aluminium hydride was decomposed by the cautious 
addition of water and the solution acidified. The 
aqueous layer was separated, treated with 200 ml. of a 
saturated solution of sodium potassium tartrate and 
excess caustic potash, and extracted with ether after 
centrifugation of the colloidal precipitate; the latter 
was also extracted with ether. The combined ether 
extracts, after being dried with sodium sulphate, yielded 
1.9 g. 8-furylethylamine, b.p. 162° C./760 mm. The 
amine, dissolved in dry acetone (10 ml.), was cooled 
in ice and treated with a saturated solution of the 
theoretical amount of caustic soda (2 mols.) and excess 
of methyl iodide (4 mols.). The quaternary iodide 
separated rapidly, but in order to ensure complete 
reaction the solution was boiled for half an hour. The 
product was recrystallized from ethanol, m.p. 253° C. 
decomp. (Found: C, 38.3; H, 5.6. C,H,,ONI 
requires C, 38.4; H, 5.7%.) 
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SUMMARY 


1. Two new furan derivatives, viz. 5-ethylfur- 
furyltrimethylammonium iodide and f-2-furyl- 
ethyltrimethylammonium iodide, have been syn- 
thesized and tested as parasympathomimetic com- 
pounds. 

2. The parasympathomimetic activity of the 
former is in accordance with the “5-atom rule”; 
that of the latter is not. 

3. The theoretical implications of these divergent 
results are discussed. 
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THE EFFECT OF TWO ETHYLENEDIAMINES ON NEURO- 
MUSCULAR TRANSMISSION AND ON STRIATED MUSCLE 


BY 


J. D. P. GRAHAM anp R. S. TONKS 
From the Department of Pharmacology, Welsh National School of Medicine, Cardiff 


(RECEIVED JUNE 5, 1954) 


An increasing number of substances are known 
to exert a neuromuscular blocking action either in 
a curare-like or a decamethonium-like manner. 
The criteria for distinguishing these modes of 
action have been considered by Burns and Paton 
(1951). Other substances, such as procaine (Jaco 
and Wood, 1944) and botulinum toxin (Burgen, 
Dickens, and Zatman, 1949), cause paralysis by 
interfering with the release of acetylcholine at the 
motor end-plate. 

The purpose of this report is to describe the 
activity of two ethylenediamines on neuromuscular 
transmission and on striated muscle. Both are 
weak antihistamine and anti-adrenaline agents, 
petent local anaesthetics, and central stimu'ants 
(Tonks, 1953). They are N’-benzyl-N’-2-naphthyl- 
N-dimethylethylenediamine (T3) and the WN’- 
ethyl derivative (17). Their formulae are 
C,,H,.N’R.(CH,),.N(CH,), where R is benzyl 
(C,H,.CH,—) in T3 and ethyl in T7. Their syn- 
thesis has been reported by Chapman, James, and 
Williams (1952). 


METHODS 


Mammalian Nerve-Muscle Preparations 


(a) Wistar rats of 300-400 g. wt. were anaesthetized 
with pentobarbitone sodium 50 mg./kg. or urethane 
400 mg./kg. intraperitoneally. The trachea and jugular 
vein were cannulated. A cannula was inserted into the 
left femoral artery, directed centrally, from which intra- 
arterial injection of the right limb was effected. This 
limb was secured to a rigid horizontal bar by loops 
around the femur and lower part of the limb. The 
tendon of the gastrocnemius was exposed, tied, cut, and 
connected to an isometric lever. 

(b) Cats were anaesthetized with chloralose 60 mg./kg. 
intravenously. The trachea, the external jugular vein 
and the posterior mesenteric artery were cannulated. 
The external iliac artery to the opposite limb and the 
terminal branches of the aorta were ligated. The 
anterior tibial artery was prepared for close-arterial 
injection and the tibialis anticus tendon connected to 
an isometric lever. 

In both species the muscles were stimulated directly, 
or via the cut sciatic nerve, with supramaximal induction- 


coil break shocks through shielded nickel electrodes. 
The rate of stimulation—usually 8/min.—was regulated 
by a Lewis’s Rotary Contact. Tetanizing square-wave 
stimuli were delivered from an electronic stimulator at 
100/sec., 5 V., and 0.50 msec. duration. 


Avian Striated Muscle 


Groups of week-old chicks were injected via the 
brachial vein with the ethylenediamines, gallamine, 
decamethonium (C10), leptazol, and with mixtures of 
these. 


Amphibian Striated: Muscle 


In addition to the isolated frog rectus abdominis, 
experiments were performed with pairs of isolated 
gastrocnemii. The muscles were secured by hook 
electrodes connected in series to the secondary terminals 
of an induction coil. Supramaximal stimuli were applied 
at the rate of 10/min. The “* make ”’ shocks were short- 
circuited. The muscles were in separate 10 ml. baths 
and attached to isometric levers. Equimolar amounts 
of T3 and T7, C10 and monoiodoacetic acid were added, 
a control muscle being left free from drug in each case. 

Compounds were injected in equimolar amounts into 
the ventral lymph sacs of groups of intact frogs and the 
effects observed. 


Action on Cholinesterase 


Warburg manometers were used to determine the effect 
of the ethylenediamines on cholinesterase. Washed, 
laked rabbit red cells and acetyl-8-methylcholine 
(0.027m) and rabbit plasma with benzoyl choline 
(0.0055m) were used as sources of, and substrates for, 
true and pseudo-cholinesterase, respectively. Before 
mixing enzyme and substrate, air was removed from the 
flasks by bubbling through nitrogen and carbon dioxide 
(5%) for 30 min. at 37° C. The substrate and ethylene- 
diamine (if any) were placed in the side arms of the flask, 
so that they were brought into simultaneous contact 
with the enzyme on shaking. The manometers were 
read at 10 min. intervals for two hours. 


RESULTS 


Mammalian Nerve-Muscle Preparation 


In the cat and the rat intra-arterial injection 
of the ethylenediamines caused a transient increase 
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Fic. 1(a).—Cat, chloralose, 2.7 kg. 
as at 1, 3, 4, and 5. 
The same as (A). 


At 2, close-arterial injection of T7, 3 mg./kg., inhibits indirect stimulation before direct. 
At 1, 2, 4, 5, and 6 tetanizing stimuli to nerve. 


Isometric contractions of tibialis anticus stimulated supramaximally 8/min. via the sciatic nerve or directly 


(B) Cat, chloralose, 3.0 kg. 


At 3, T7 3 mg./kg. by close-arterial injection. Though tension is well 


sustained during a tetanus, the magnitude of the tetanus as well as twitch responses are diminished. 


of the twitch tension followed by a depression in 
muscles indirectly stimulated at a rate of 8/min. 
With small doses of these substances (0.8 mg./kg.) 
recovery from the initial paralysis took place, but 
with larger doses (3 mg./kg.) recovery was incom- 
plete (Fig. la). During the early stage of paralysis 
direct stimulation of the muscle at the same rate 
produced a normal response. If large doses of 
the ethylenediamines were administered this re- 
sponse was later diminished (Fig. la). The muscle 
tension was well-sustained during a tetanus, but 
the magnitude of the response to subsequent single 
and tetanizing stimuli was decreased (Fig. 1b). 
The rapid close-arterial injection of 1-3 mg./kg. 
produced a twitch in the resting tibialis anticus 
muscle of the cat. The neuromuscular blocking 
action of these ethylenediamines sums with that 
of C10. This is shown in Fig. 2, where injections 





Fic. 2.—Cat, chloralose, 3.4 kg. 


of C10 and T7 were made singly and together at 
intervals of 45 min. in the cat. ' 

The paralysis caused by the ethylenediamines 
was not relieved by neostigmine, adrenaline, or C6 
in maximal doses. However, if a small dose 
(0.08 mg./kg.) of gallamine—which had no effect 
on the normal response to indirect stimulation— 
preceded the injection of the ethylenediamine 
(0.8 mg./kg.), the paralysis caused by the latter 
was not as severe as when given alone (see Fig. 3). 
The paradoxical effect of neostigmine on muscle 
tension during slow and rapid indirect stimulation 
is well known. This drug increases muscle ten- 
sion during slow stimulation, whereas depression 
follows on rapid stimulation. The ethylenediamine 
(Fig. 4a), C10 (4b), and procaine (4c) readily anta- 
gonized the neostigmine-potentiation ; but, unlike 
procaine, the ethylenediamine and C10 failed to 





Record of isometric contractions of tibialis anticus stimulated indirectly with supramaximal break shocks 


at the rate of 10/min. At 1, C10 3ug./kg., at 2, T7 1 mg./kg., and at 3 both substances given together. Injections were by the close-arterial 


route. Panel 4 shows recovery in 24 min. 


Recovery time 11 min. with C10 and 7 min. with T7 given singly. 
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Fic. 3.—Cat, 3.1 kg., chloral- 
ose. Tibialis anticus 
stimulated as in Fig. 2. 
At | and 3, T7 0.8 mg./ 
kg., and at 2, gallamine 
0.08 mg./kg. by the 
close-arterial route. 
Note less depression of 
twitch by T7 after 
gallamine. 


prevent the depression which followed on rapid 
stimulation. 

The response to a close-arterial injection of ACh 
was also antagonized by the ethylenediamines 
(Fig. 5), and they enhanced the depression pro- 
duced by larger doses of ACh following neostig- 
mine, 

If adrenaline (1.5 yg./kg.) is injected intra- 
arterially after neostigmine the twitch tension is 
further increased. The ethylenediamines caused 
a sharp inhibition of this second response (Fig. 6). 


Avian Striated Muscle 


Intravenous injection of gallamine produced 
flaccid paralysis in the chick (Fig. 7, No. 1) and 
the ethylenediamine caused a spastic paralysis. 
The posture assumed was not identical with the 
characteristic opisthotonos resulting from C10. 
(Compare Fig. 7, Nos. 2 and 3.) 

Since the ethylenediamines are central stimu- 
lants, it was decided to test whether central 








stimulation interfered with the production of 
opisthotonos by C10. Leptazol gave rise to clonic 
convulsions terminating in a flaccid paralysis ; 
leptazol with C10 produced a spastic paralysis 
(Fig. 7, No. 4) in which the characteristic mani- 
festations were modified so that the final appear- 
ance more closely resembled that given by T3 
or T7. 


Amphibian Striated Muscle 


The ethylenediamines, like C10, produced con- 
tracture in the norma] frog rectus and in the 
muscle soaked in a solution of DFP 10° for 
30 min. Their potency was one-tenth that of C10. 
Monoiodoacetic acid in an amount ten times 
greater than T3 or T7 (i.e., 1.25 x 10°*) produced 
a contracture, although very slowly. 

The contractures produced by the ethylene- 
diamines and C10 had a slower onset than 
those caused by ACh. They took longer to reach 
a plateau and, on washing out, relaxation was 


Fic. 4.—Rats, 300 g., 280 g., 
and 330 g. in A, B, and 
C respectively. Urethane 
400 mg./kg. i.p.  Iso- 
metric contractions of 
gastrocnemius stimu- 
lated indirectly with 
supramaximal shocks at 
8/min. and 120/min. 
Close-arterial injections 
of 1.5 yg. neostigmine 
at l ina, B, andc. In 
A the stimulant effect of 
neostigmine is antagon- 
ized by T7 1 mg./kg. at 
2. In B 20 ywg./kg. of 
C10 at 3 exerts a similar 
effect. In cC procaine 
5 mg./kg., at 4, also 
antagonizes the increase 
in tension following 
neostigmine, but in addi- 
tion prevents the char- 
acteristic decrease of 
tension during rapid 
stimulation. 
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Kia, 5.—Cat, chloralose, 2.9 kg. Record of indirect stimulation of 
tibialis anticus at 8/min, ACh, 10 yug., by close-arterial injection 
at 1, 2, 4, 5, and 6 causes a twitch. 3 mg./kg. T7 at 3 inhibits 
the responses to both stimuli. 





Fic. 6.—Gastrocnemius of rat, pentobarbitone sodium 50 mg./kg. 
i.p. Increase in tension caused by neostigmine 1.5 ug. at 1 during 
indirect stimulation at 20/min. is enhanced by 0.5 ug. adrenaline 
at2. This effect is inhibited at 3 by T7, 3 mg./kg. 
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Fic. 7.—Post-mortem photographs of week-old chicks injected i.v. 
with (1) gallamine 5 mg./kg., (2) T7 100 mg./kg., (3) C10 1.0 
mg./kg., (4) C10 1.0 mg./kg. with leptazol 10 mg./kg. 
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Fic. 8.—Isolated frog gastrocnemius muscles in Ringer’s solution, 
directly stimulated at 10/min. with maximal break shocks from 
an induction coil. R-=rest peridd, 4 is a control, B and C show 
the resemblance between the effects of 7.5 mg. of T7 given at 
Bl and 10 mg. of monoiodoacetic acid at C2 by contrast with 
C107 mg. at D3. 
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slower. They resembled the responses to ACh in 
being antagonized by gallamine (2 x 10°), and by 
a high concentration of atropine (10°*). The 
response to repeated additions of ACh was reduced 
by the ethylenediamines but potentiated by C10. 
This potentiation was attributed by Paton and 
Zaimis (1949) to the weak anticholinesterase 
activity shown by C10.  Ethylenediamines also 
antagonized the responses to potassium chloride 
administered at regular intervals. C10 did not 
produce the same result as the ethylenediamines 
when added to the bath fluid of the isolated and 
directly stimulated frog gastrocnemius. This 
difference was most clearly observed if, following 
a brief period of stimulation, the muscle was 
rested for 10 min. (compare Fig. 8b and d). At 
the end of this time the tone of the muscle in 
contact with the ethylenediamines was increased 
and remained so on further stimulation, when the 
magnitude of the muscle twitch was diminished. 
A similar though more pronounced result was 
obtained with monoiodoacetic acid (Fig. 8c). C10 
was without this effect. 

Monoiodoacetic acid (1 mg./10 g.) produced its 
typical spastic paralysis when injected into the 
ventral lymph sacs of intact frogs, but the ethylene- 
diamines (1 mg./10 g.) and C10 (0.1 mg./10 g.) 
were without effect. 


Action on Cholinesterase 


The action of the ethylenediamines on true and 
pseudo-cholinesterase was investigated. Concen- 
trations of the ethylenediamines from 107° to 
10°* were used, and within this range they had 
little activity against either enzyme. 

After completing the investigation it was clear 
that T3 and T7 had comparable activities. It was 
therefore decided to include only figures obtained 
with T7. 


DISCUSSION 


The brief stimulant action of the ethylene- 
diamines on the muscle twitch in the cat and 
rat and the production of contracture in the frog 
rectus suggest a depolarizing action at the motor 
end-plate similar to that of decamethonium (Paton, 
1951). The sustained tension during a tetanus and 
the stability of the block, as well as the failure of 
adrenaline and neostigmine to relieve it, are com- 
patible with this view. In addition the ethylene- 
diamines produce a twitch in the resting tibialis 
anticus muscle of the cat and sum with C10 in 
paralysing the indirectly stimulated muscle. The 
cat tibialis muscle appears more sensitive to the 
ethylenediamines than does the rat gastrocnemius. 
It is known that the activity of a substance pro- 


ducing neuromuscular block by long lasting de- 
polarization is diminished by a substance raising 
the end-plate threshold to ACh. This is observed 
in the cat tibialis anticus with the ethylenedi- 
amines when gallamine is interposed between the 
injections. 

The ethylenediamines and C10 did not prevent 
the falling off in muscle tension during rapid 
stimulation of the rat gastrocnemius and cat tibialis 
anticus following neostigmine. Thus, unlike pro- 
caine and botulinum toxin, they do not appear to 
inhibit the release of ACh or reduce its de- 
polarizing action like curare. Furthermore, the 
effect of ACh by close-arterial injection is anta- 
gonized as much as, if not more than, the response 
to a nerve volley. In the slowly stimulated pre- 
paration an increase in muscle tension follows the 
injection of adrenaline. This is antagonized by 
the ethylenediamines. 

The characteristic effect of C10 in the chick was 
not observed with the ethylenediamines. The 
latter are central stimulants, and it was interesting 
to observe that C10 failed to produce a complete 
opisthotonos when administered with leptazol. 
Other anomalies appear on comparing C10 with 
the ethylenediamines. Small doses of the latter 
produce a reversible block, but with larger doses 
(3 mg./kg.) only partial recovery occurs during 
which the muscle tension again decreases. Control 
experiments have shown that this secondary 
decrease in tension is not the result of normal 
fatigue. Whereas C6 antagonizes the action of 
C10 (Paton and Zaimis, 1949) it does not relieve 
the paralysis caused by large doses of the ethyl- 
enediamines, and during such paralysis the 
response to direct stimulation of the muscle is 
diminished. Lastly, there is the deepening 
paralysis following a-sustained tetanus. This 
would suggest anticholinesterase activity (Bacq 
and Brown, 1937), but the ethylenediamines 
depress, and do not potentiate, the response to 
ACh in the frog rectus. At this concentration 
they also reduce the contracture due to KCl, and 
they can still elicit a contracture following the 
prolonged contact of the muscle with DFP. Mano- 
metric tests have confirmed the absence of anti- 
cholinesterase activity in the ethylenediamines. 

These differences can be reconciled if account is 
taken of the action of the ethylenediamines on 
the isolated frog gastrocnemius. C10 appears to 
be without effect on the directly stimulated muscle, 
while the ethylenediamines exhibit an action 
similar to that of the thiolprive group of sub- 
stances. Guttman, Horton, and Wilbur (1937) 
have shown that interference with lactic acid 
formation by monoiodoacetic acid abolishes post- 
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tetanic potentiation in indirectly stimulated 
muscle. This would account for the anomaly 
noted with the ethylenediamines on stimulating the 
muscle indirectly after a tetanus. It is reasonable 
to assume that the reduction in the response to 
direct stimulation of the muscle, the inability of 
the muscle to recover completely from large doses 
of the ethylenediamine, and the failure of C6 to 
relieve the paralysis caused by these compounds, 
are also the result of this interference with muscle 
metabolism. The absence of the spastic paralysis 
typical of monoiodoacetic acid on injecting the 
ethylenediamines into the ventral lymph sac of 
the frog would indicate that they are less potent 
than monoiodoacetic acid itself. This is confirmed 
on comparing the results of equimolar concentra- 
tions of these substances on the frog gastro- 
cnemius. 

In conclusion, it appears that these ethylene- 
diamines exert a specific depolarizing action on 
the motor end-plate in addition to a direct action 
on the muscle itself. 


SUMMARY 


1. N’ - benzyl - N’ - 2 - naphthyl - N - dimethyl- 
ethylenediamine (T3) and its N’-ethyl analogue 
(T7) are neuromuscular blocking agents of the 
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decamethonium type which also directly depress 
the muscle. 

2. On close-arterial injection they produce a 
twitch in the resting tibialis muscle of the cat; 
they increase and then decrease the twitch response 
to indirect stimulation in the cat and the rat; 
they give additive effects with C10. They produce 
contracture in the frog rectus before and after 
DFP, and partial opisthotonos in chicks. They 
have no anticholinesterase activity. 

3. Larger amounts reduce the response of mam- 
malian muscle to direct stimulation in vivo and 
produce contracture in amphibian muscle in vitro. 
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Reports on the urinary excretion of the muscle 
relaxants used clinically indicate that 20 to 50% 
of (+)-tubocurarine and dimethyl tubocurarine 
(Mahfouz, 1949; Guarino, 1949; Marsh, 1952; 
Kalow, 1953) and 70 to 90% of decamethonium 
(Paton and Zaimis, 1952), gallamine triethiodide 
(Mushin, Wien, Mason, and Langston, 1949) and 
benzoquinonium chloride (Hoppe, 1950) are elimi- 
nated unchanged through the kidneys. 

It has been reported that the plasma of various 
animals (Glick, 1941 ; Bovet-Nitti, 1949 ; Castillo 
and de Beer, 1950) and of man (Evans, Gray, 
Lehmann, and Silk, 1952 ; Tsuji and Foldes, 1953) 
is capable of hydrolysing succinylcholine (succinyl- 
dicholine ; SDC) in vitro. It has been shown that 
the hydrolysis of SDC occurs in two steps (Whit- 
taker and Wijesundera, 1952). SDC is first hydro- 
lysed to succinylmonocholine (SMC) and choline 
and then SMC is hydrolysed considerably more 
slowly to succinic acid and choline. The hydro- 
lysis of SDC in plasma is enzymatic because 
heating, or the addition of plasma cholinesterase 
inhibitors, markedly reduces the rate of hydrolysis 
of SDC (Tsuji and Foldes, 1953). SDC is also 
hydrolysed by acetylcholine esterase, although 
more slowly than by plasma cholinesterase (Bovet- 
Nitti, 1949). SDC inhibits the enzymatic hydro- 
lysis of acetylcholine (Evans et al., 1952). SMC, 
which is weakly active at the neuromuscular junc- 
tion (Bovet, 1951 ; Foldes and Tsuji, 1953 ; Leh- 
mann and Silk, 1953 ; Foldes, 1953 ; Ellis, Wnuck, 
Fanelli, and de Beer, 1953), is hydrolysed by both 
plasma cholinesterase (Whittaker and Wijesundera, 
1952; Foldes, 1953) and acetylcholine esterase 
(Lehmann and Silk, 1953). 

On the basis of in vitro hydrolysis studies, it has 
been assumed that the brief action of SDC in vari- 
ous laboratory animals, and especially in man, is 
due to its rapid enzymatic hydrolysis in vivo (Bovet, 
Bovet-Nitti, Guarino, Longo, and Marotta, 1949 ; 
Thesleff, 1952; Foldes, McNall, and Borrego- 
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Hinojosa, 1952). To test this assumption, it seemed 
necessary to investigate how much SDC is excreted 
unchanged in the urine of patients after its intra- 
venous administration. Similar studies in animals 
have been reported (Norton and de Beer, 1954). 
Since in the course of the enzymatic hydrolysis 
of SDC a considerable amount of SMC can 
accumulate in the body (Foldes, McNall, and 
Birch, 1954), the urinary excretion of SMC was 
also studied. 


MATERIAL AND METHODS 


The observations were made on 14 female and 9 male 
patients anaesthetized for various surgical procedures. 
Nine patients received a single 1 mg./kg. dose of succinyl- 
dicholine chloride (SDC-Cl,.). To 6 other patients 
SDC-Cl, was administered by slow intravenous injection 
of 30 to 56 wg./kg./min. for the production of muscular 
relaxation for intra-abdominal procedures. Succinyl- 
monocholine iodide (SMC-I) was administered to 8 
patients—as a single dose of 0.8 mg. to each of 3, as 
a continuous intravenous injection at the rate of 29 to 
48 yg./kg./min. to 3 others, and in fractional doses, 
for the production of muscular relaxation, at the rate of 
558 and 472 ug./kg./min. to the remaining 3. The 
first 2 dose levels of SMC-I were chosen so that on a 
molar basis they corresponded to the quantities of 
SMC formed by the enzymatic hydrolysis of SDC-Cl, in 
the preceding series. All patients were lightly anaes- 
thetized with thiopentone sodium and N,O-Oz. Besides 
the urinary excretion of SDC and SMC, the plasma 
cholinesterase activity of all patients, and the duration 
of apnoea produced by a 1 mg./kg. dose of SDC in 
9 patients, were also investigated. 


Plasma Cholinesterase Activity.—Heparinized plasma, 
obtained before the induction of anaesthesia, was used 
to determine the plasma cholinesterase activity. Since 
Kalow’s investigations indicate that plasma “ procaine ” 
esterase and plasma cholinesterase are identical (Kalow, 
1952), procaine was used as a substrate. The hydrolysis 
of procaine in plasma was estimated by a method 
previously described (Foldes and Aven, 1952). The 
plasma cholinesterase activity was measured by the 
number of ug. of procaine hydrolysed by 0.8 ml. of 
plasma in 10 min. It has been shown that with this 
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method the normal range of ‘“ procaine’’ esterase 
activity is 57.9+1.5 (S.E.) for males and 44.5+.1.5 for 
females (Davis, Borrego, and Foldes, 1953). 


Neuromuscular Blocking Activity——The duration of 
apnoea after a single dose of 1 mg./kg. of SDC-—Cl, 
was used as a measure of neuromuscular paralysis. 


Urinary Excretion of SDC.—Urine was collected by 
an indwelling catheter for 30 to 69 min. after the admin- 
istration of the single 1 mg./kg. dose and during, and 
10 to 25 min. after, the continuous administration of 
SDC-Cl,. Urine was collected for 55 to 100 min. after 
the single 0.8 mg./kg. dose of SMC-I and during, and 
10 to 25 min. after, the continuous or fractional admin- 
istration of SMC-I. A control urine sample was 
obtained from each patient before the administration of 
SMC or SDC. After collection the urines were quick- 
frozen in a dry ice-acetone mixture and kept frozen until 
the SMC and SDC were determined. 

Estimation of SDC and SMC in urine was carried out 
according to the method of Norton and de Beer 
(1954). This method is based on the property of 
acetylcholine (Riesser and Neuschloss, 1921) and similar 
depolarizing substances (Paton and Zaimis, 1949; 
Bovet ef al., 1949) of causing contraction of amphibian 
muscle. The sensitivity of this method for SDC-Cl, is 
0.1 »g./ml. of bath fluid. Rectus abdominis muscles of 
Rana pipiens were dissected and suspended in a bath 
containing 10 ml. of Ringer’s solution (NaCl 0.6%, KCl 
0.042%, CaCl,.2H:O 0.032%, NaHCO; 0.05%, dextrose 
0.05%). Control urine samples were added to the bath 
10 min. before solutions containing SDC or SMC, which 
were added to the bath in quantities not exceeding 1 ml. 
The quantities of urine were chosen to give contractions 
similar to those caused by 0.25 to 0.50 »g./ml.’of SDC-Cl, 
(Fig. 1) or 10 ywg./ml. of SMC-I (Fig. 2). All urine 
samples and solutions of SDC-Cl, and SMC-I were 
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Fic. 1.—Contractions of the frog rectus in 10 ml. bath. At 1, 
0.05 ml. of the urine collected over 86 min. following a slow 
intravenous injection of 280 mg. SDC (Expt. F-12 of Table II). 
At 2, 0.05 ml. normal urine. At 3, SDC 4.0 yg. 
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Fic. 2.—Contractions of the frog rectus in 10 ml. bath. At 1, 
0.25 ml. normal urine. At 2, SMC 100 wg. At 3, 0.3 ml. of 
the urine collected over 57 min. following slow intravenous 
injection of SMC( Expt. M-7, Table IID. 
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allowed to remain in contact with the muscle preparation 
for 15 min. Each urine sample was tested on four 
preparations and the SDC and SMC concentrations were 
estimated by comparing the contraction with those 
produced by known concentrations of SDC-Cl, or 
SMC-I. A one-hour recovery period was allowed 
between two tests on the same muscle. 


RESULTS 


The results are summarized in Tables I, II, and 
III. Table I shows that the plasma cholinesterase 
activity, measured by the hydrolysis rate of pro- 
caine, varied from 15.0 to 83.0 units. There 
seemed to be an inverse relationship between the 
hydrolysis rate of procaine and the duration of 
apnoea after a single 1 mg./kg. dose of SDC-Cl.,. 
This relationship, however, did not show the close 
correlation observed by Evans et al. (1952) between 
the hydrolysis rate of acetylcholine in plasma and 
the sensitivity of patients to SDC. No correlation 
was found between the hydrolysis rate of procaine 
and the percentage of the administered SDC-Cl, 
excreted in the urine. 


TABLE I 


SUMMARY OF OBSERVATIONS AFTER THE INTRAVENOUS 
ADMINISTRATION OF 1 MG./KG. OF SUCCINYLDICHOLINE 
CHLORIDE (SDC-CI,) 











Urine 
Bueseted SDC-Cl, Excreted 
3 
oo 5 Ss © 
y be 2/52 |gg> 
& | sesl ~ | ot] Ee | we lewelee-/3 85 
Es | $28] 2 ££) 58] SE |SSES<gloss 
a2 | bE] E | BE] 85 | Se |e lbs sea? 
F-1 60 | 25 | 30 | 13-0| 0-33 | 0-54 | 547] 48-5 
F-3 89 | 50 | 50 1-0 | 0-05 | 0-06 | 410 | 39-9 
F-4 54 | 25 | 40 |120-0| 3-00 | 5-55 | 1,065 | 40-0 
F-5 62 | 27 | 64 | 82-5| 2-23 | 3-59 | °585 | 40-3 
F-6 56 | 54 | 30 1:0 | 0-05 | 0-10 | 245 | 42-1 
M-1| 113 | 75 | 30 | 65]| 0-49 | 0-43 | 780] 15-0 
M-2 83 | 66 | 30 | 37-5| 2-48 | 2-98 | 390] 49-0 
M-3 77 | 167 | 69 | 14-0| 2-34 | 3-04 | 297] 41-6 
M-4 95 | 60 | 39 | 53-0] 3-18 | 3-35 | 194 | 83-0 





























TABLE II 


SUMMARY OF OBSERVATIONS AFTER THE CONTINUOUS 
INTRAVENOUS ADMINISTRATION OF SUCCINYLDICHOL- 
INE CHLORIDE (SDC-C1,) 
































SDC-Cl, Urine SDC 
Administered} Excreted Excreted 
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2 3 . a~alde a e/S32 
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F-2 56 | 220 20 82 |213-0 | 4:36 | 1:94] 47-5 
F-7 30 160 47 95 | 288-0 | 12-38 | 7-74 | 48-0 
F-8 38 120 47 75 88-0 | 4:14 | 3-45 | 57-0 
F-12 49 280 18 86 |120-0 | 2-16 | 0-77 | 34-0 
F-13 35 40 190 26 2:5 | 0-48 | 1-19 | 37-0 
M-8 49 157 51 33 50-0 | 2-55 | 1-60 | 48-0 
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TABLE IJ 


SUMMARY OF OBSERVATIONS AFTER THE INTRAVENOUS 
ADMINISTRATION OF SUCCINYLMONOCHOLINE IODIDE 











(SMC-I) 
Urine SMC-I 
Excreted Excreted 
SMC-I 3 
Administered fon 2 
° aio 

2 =e ; ~2/S32 
@ ee | E2 | a2 lose/852 
5.2 = = 6 ea ° oo Cle aye 
az E RS =~ BE iNet jaw 
F-9 0-8 mg./kg. 23 100 100-0 2:3 3-8 | 47-0 
F-10| 0-8 ed 275 77 40:0 | 11:0 | 22:9 | 34-0 
M-5 0:8 ae 36 55 133-0 4:8 9-2 | 30-0 
F-11 | 42 ug./kg./min. 18 82 /|1,000:0 | 18-0 5-5 | 54-0 

continuous 

injection 
M-6 | 29 99 * 53 65 280-0 | 14-9 8-1 | 28-0 
M-7 | 48 ae es 42 54 400-0 | 16-8 7:3 | 63-0 
F-15 |558 ug./kg./min. 59 66 |2,400-0 | 141-6 | 11-8 | 48-0 

fractional 

doses 
M-9 |472 - - 41 93 |1,800-0 | 325-8 | 14:5 | 43-0 


























After the administration of 1 mg./kg. SDC-Cl, 
apnoea of 194 to 1,065 sec. duration developed 
in all the patients (Table I). There was no corre- 
lation between the duration of apnoea and the 
percentage of the administered SDC-Cl, excreted 
in the urine. No apnoea developed with the con- 
tinuous infusion of SDC-Cl, at the rates of 30 
to 56 wg./kg./min. (Table IJ) or after the admin- 
istration of SMC-I in doses as high as 472 to 
558 pwg./kg./min. (Table III). 

The ability of SDC-Cl, to produce contracture 
of the frog’s rectus was, on a molar basis, about 
the same as that of acetylcholine (Norton and de 
Beer, 1954) and about 30 to 40 times greater than 
that of SMC~_I (Fig. 3). 
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Fic. 3.—Contracture of the frog rectus abdominis in response to 
varying doses of succinyldicholine chloride and succinylmono- 
choline iodide. 


The percentage of SDC execreted 30 to 69 min. 
after the administration of a single dose of 1 
mg./kg. varied from 0.06% to 5.55% (average 
2.2%). Increasing the time taken to collect the 
urine beyond 30 min. did not seem to affect the 
amount of SDC excreted, indicating that a 30 min. 
collection period, after the administration of a 
single dose of 1 mg./kg., is adequate. The per- 
centage of SDC-Cl, excreted after its continuous 
intravenous injection in doses producing adequate 
surgical relaxation varied, with one exception 
(7.74%), between 0.77 and 3.45% of the total dose 
injected, averaging 2.8%. 

The percentage of SMC recovered in the urine 
was considerably greater. Following a single 
0.8 mg./kg. dose of SMC-I, it ranged from 3.8 
to 22.9%. With the continuous infusion of SMC-I 
at the rate of 29 to 48 yg./kg./min. it was 5.5 to 
8.1%. These doses of SMC-I had no discernible 
neuromuscular blocking effect. Following the 
administration of SMC-I in doses that produced 
adequate muscular relaxation, the excretion was 
11.8 and 14.5% of the total. 


DISCUSSION 


The results indicate that, following the intra- 
venous injection of single large doses of SDC-Cl,, 
or the continuous intravenous administration of 
doses producing adequate relaxation for abdominal 
surgery, an average of less than 3.0% of the amount 
administered is excreted unchanged in the urine. 

As both SDC and its hydrolysis product, SMC, 
cause the frog’s rectus to contract, the contraction 
produced by urine samples is the sum of the effects 
of SDC excreted unchanged and of SMC. To 
estimate the error introduced by SMC in the deter- 
mination of SDC, SMC-I was administered to 
patients in doses corresponding, on a molar basis, 
to those of SDC-Cl,. The SMC excreted in the 
urine was Calculated in terms of SDC, the activity 
of SMC being regarded as about 1/40 of that of 
SDC. On the assumption that the same percentage 
of SMC would be excreted whether it was injected 
or formed by the breakdown of SDC, the values 
of excreted SDC may be too high by about 0.25%. 
Correction for this decreases the average SDC-Cl, 
excretion, after a single 1 mg./kg. dose, from 
2.2% to less than 2.0%, and after its continuous 
intravenous administration to less than 2.6%. 
Where very low values are found in the urine 
(for example, F—-1, F-3, F-6 and M-1), conversion 
of SDC to SMC and excretion of almost all of this 
SMC could account for the contracture produced. 
However, this may be considered unlikely since 
only from 3.8 to 22.9% of injected SMC is 
excreted. 
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The findings that there was no close correlation 
between the hydrolysis rate of procaine and the 
duration of apnoea, and none at all between the 
plasma procaine esterase activity and the percen- 
tage of the total SDC excreted unchanged in the 
urine, suggest several possibilities. It is conceiv- 
able that the esterase present in human plasma 
has different characteristics in different individuals, 
and that the ability of this enzyme to hydrolyse 
procaine, SDC, acetylcholine and other substrates 
does not change in parallel in different persons. 
Another possibility is that there may be, in human 
plasma, several esterases capable of hydrolysing 
acetylcholine and that these may vary in relative 
amount and activity. Furthermore, it is also pos- 
sible that similar, but even more pronounced, dif- 
ferences may exist between the plasma cholin- 
esterases of various species. These assumptions 
are indirectly favoured by the finding that, whereas 
there is no marked sex variation in the hydrolysis 
rate of acetylcholine in human plasma (Levine and 
Hoyt, 1949 ; Callaway, Davies, and Rutland, 1951), 
a statistically significant difference is found in the 
hydrolysis rate of procaine in normal male and 
female plasmas (Davis et al., 1953). Similarly, 
whereas the hydrolysis rates of acetylcholine in 
horse serum (Glick, 1941; Ginzel, Klupp, and 
Werner, 1951) and of succinylcholine in dog 


plasma (Hall, Lehmann, and Silk, 1953) were as 
fast or faster than that in human plasma (Evans 
et al., 1952 ;. Tsuji and Foldes, 1953), the hydro- 
lysis rate of procaine in the plasma of these species, 
and of other mammals, is many times slower than 


in human plasma (Aven, Light, and Foldes, 
1953). To clarify these problems it will be neces- 
sary to study the hydrolysis rate of various sub- 
strates (acetylcholine, SDC, procaine, etc.) in 
human plasma and in plasma from various mam- 
malian species. 

SUMMARY 


1. By using a biological method, based on the 
contraction of the frog rectus, the urinary excre- 
tion of SDC and SMC was estimated in anaesthe- 
tized patients after the intravenous administration 
of SDC-Cl, and SMC-I. 

2. The“ procaine esterase” activity of the plasma 
of these patients and the duration of apnoea fol- 
lowing a single intravenous dose of 1 mg./kg. of 
SDC-Ci, were also observed. 

3. The average amount of SDC excreted after 
the intravenous administration of a single 1-mg./ 
kg. dose was 2.2%. After its continuous intra- 
venous administration, in doses providing ade- 
quate surgical relaxation, the value was 2.8%. 

4. The amount of SMC excreted after the 
administration of equimolar doses of SMC-I, 
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which had no discernible neuromuscular effect, 
averaged 9.2%. After the administration of 
SMC-I in doses producing muscular relaxation the 
excretion was 11.8 to 14.5% of the total. 

5. In some patients there was some correlation 
between the duration of apnoea and the “ procaine 
esterase’ activity of the plasma, but no such 
correlation was observed between the latter and 
the urinary excretion of SDC and SMC. 


This investigation was supported in part by Research 
Grant No. RG-3585 of the National Institute of Health, 
United States Public Health Service. 
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